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Processing of biological materials and processing using biological agents such as 
cells, enzymes, or antibodies are the central domains of biochemical engineering. 
Success in biochemical engineering requires integrated knowledge of governing 
biological properties and principles and of chemical engineering methodology and 
strategy. Work at the forefront captures the latest, best information and technology 
from both areas and accomplishes new syntheses for bioprocess design, operation, 
analysis, and optimization. Reaching this objective clearly requires years of careful 
study and practice. 

This textbook is intended to start its readers on this challenging and exciting 
path. Central concepts are defined and explained in the context of process 
applications. Principles of current bioprocesses for reaction and separation are 
presented. Special attention is devoted throughout to the central roles of biological 
properties in facilitating and enabling desired process objectives. Also, process 
constraints and limitations imposed by sensitivities and instabilities of biological 
components are highlighted. By focusing on pertinent fundamental principles in 
the biological and engineering sciences and by repeatedly emphasizing the impor- 
tance of their syntheses, the text seeks to endow its readers with a strong 
foundation for future study and practice. Learning fundamental properties and 
mechanisms on an ongoing basis is absolutely essential for long-term professional 
viability in a technically vibrant area such as biotechnology. 

The book has been written for the first course in biochemical engineering for 
senior or graduate students in chemical engineering. However, selected portions of 
the text can provide bases for other courses in chemical, environmental, civil, or 
food engineering. As in the first edition, the book is presented in a systematic, 
logical sequence building from the most fundamental biological concepts. It is 
therefore well suited for self study by industrial practitioners. 

To facilitate the book’s accessibility for independent reading and to provide 
required background in a one- or two-term course taken as an elective or 
introduction, the text includes a self-contained presentation of key concepts from 
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enhanced presentation. 


Cogent and critical comments on the second edition from Michael Shuler, 
Douglas Lauffenberger, Peter Reilly, Frances Arnold, Donald Kirwan, and Elmer 
Gaden provided many improvements. Numerous colleagues and Current and 
former students including Dinesh Arora, Ruben Carbonell, Douglas Clark, Kathy 


Dennis, Jorge Galazzo, L. Gary Leal, Sun Bok Lee, Harold Monbouauette, 
Mustafa Ozilgen, Steven Peretti, Alex Seressiotis, Robe 


ti 


H 


clearly, A 
and not, 
) will sty: 
rmal ory 
‘hese cay. 


on the p 


ications, 
dicated ; 
analysis. 
red. Thy 
followin. 
‘escriptia, 


th oppo. 


ng of th 
re discu 


explosiy 
'W organ 
Irocesse; 
biotech 
he mate 
V proces 
> protein 


> second 
paration 
nomics, 
‘Or engi- 
tegrated 


enabled 
luded in 
nforma- 
oach to 
nce and 
area of 


Shuler, 
l Elmer 
nt and 
Kathy 
quette, 
Srienc, 
or new 


PREFACE xxi 


i us 
k exercises to the second edition. To those who re ieee a ene 
homewor he first edition, including Peter Reilly, Elmer Ga ae oa 
ways tO Moo-Young, and George Tsao, we again offer T a comments and 
re take full responsibility for any errors, and welcome 
authors ders. i 
suggestions sate not exist without the patient, teadlast a 
This an Heidi Youngkin, Sandra Cantrell, Bessie See, ens ee a 
raed i. the several drafts. Hundreds of hours of DEn a Chd Güske 
who typ Axe, Nancy da Silva, Jorge ER i 
ly donated by Doug Axe, Peretti, Mike Prairie, Todd 
generous ueen, Kim O’Connor, Steve Peretti, } iedrich 
aa T T a Jin-Ho Seo, Alex Seressiotis, Jackie n ee 
Oa Date Wittrup: Finally, we would like to extend our ie R o a 
eee ees colleagues, students, and innit = ee They are 
PA as biochemical engineers in the years since the 
o : 
: bre ways the true authors of this book. 
i 


James E. Bailey 
David F. Ollis 


ee ee ee ee 
CHAPTER 


ONE 


ee 
A LITTLE MICROBIOLOGY 


3g : 
o 
w 
A Steen 


Small living creatures called microorganisms interact in numerous ways with 
human activities. On the large scale of the biosphere, which consists of all regions 
of the earth containing life, microorganisms play a primary role in the capture 
of energy from the sun. Their biological activities also complete critical segments 
of the cycles of carbon, oxygen, nitrogen, and other elements essential for life. 
Microbes are also responsible for many human, animal, and plant diseases. 

In this text we concentrate primarily on mankind’s use of microbes. These 
versatile biological catalysts have served mankind for milennia. The ancient 
' Greeks credited the god Dionysus with invention of fermentation for wine mak- 
ing, and the “Monument bleu,” which dates from 7000 B.c., shows beer brewing 
in Babylon. Fermented foods such as cheese, bread, yoghurt, and soy have long 
contributed to mankind’s nutrition. Late in the 19th century, the work of Pasteur 
and Tyndall identified microorganisms as the critical, active agents in prior fer- 
mentation practice and initiated the emergence of microbiology as a science. 
From these beginnings, further work by Buchner, Neuberg, and Weizmann led to 
processes for production of ethanol, glycerol, and other chemicals in the early 
20th century. 

In the 1940s complementary developments in biochemistry, microbial genet- 
ics, and engineering ushered in the era of antibiotics with tremendous relief to 
mankind’s suffering and mortality. This period marks the birth of biochemical 
engineering, the engineering of processes using catalysts, feedstocks, and/or 
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sorbents of biological origin. Biotechnology began to change from empirical art : 
to predictive, optimized design. l 

A later generation of fermentation processes produced steroids for birth con- 
trol and for treatment of arthritis and inflammation. Methods for cultivation of 
plant and animal cells made possible mass productien of vaccines and other 
useful biological agents. Clearly, mankind’s successful harnessing and direction of 
cellular activities has had many health, social, environmental, and economic im- 
pacts on past and contemporary human civilization. 

An interwoven fabric of research in molecular biology and microbial genetics 
has led to fundamental understanding of many of the controls and catalysts 
involved in complex biochemical syntheses conducted by living cells. On this 
foundation of basic knowledge, the methods of recombinant DNA technology have 
been erected. It is difficult to imagine the scope and magnitude of the eventual 
benefits of these marvelous tools. New vaccines and drugs have already been 
produced, but these are only the beginnings of revolutionary developments to 
come. 

Our challenge in learning biochemical engineering is to understand and ana- 
lyze the processes of biotechnology so that we can design and operate them in a 
rational way. To reach this goal, however, a basic working knowledge of cell 
growth and function is required. These factors and others peculiar to biological 
systems usually dominate biochemical process engineering. Consider for a mo- 
ment that a living microorganism may be viewed in an approximate conceptual 
sense as an expanding chemical reactor which takes in chemical species called 
nutrients from its environment, grows, reproduces, and releases products into its 
surroundings. In instances such as sewage treatment, consumption of nutrients 
(here the organic sewage material) is the engineering objective. When microbes 
are grown for food sources or supplements, it is the mass of microbial matter 
produced which is desired. For a sewage-treatment process, on the other hand, 
this microbial matter produced by nutrient consumption constitutes an undesir- 
able solid waste, and its amount should be minimized. Finally, the products 
formed and released during cellular activity are of major concern in many indus- 
trial and natural contexts, including penicillin and ethanol manufacture. The 
relative rates of nutrient utilization, growth, and release of products depend 
strongly on the type of cells involved and on the temperature, composition, and 
motion of their environment. Understanding these interactions requires a foun- 
dation built upon biochemistry, biophysics, and cell biology. Since study of these 
subjects is not traditionally included in engineering education, a substantial por- 
tion of our efforts must be dedicated to them. 

Whenever possible we shall extend our study of biological processes beyond 
qualitative understanding to determine quantitative mathematical representa- 
tions. These mathematical models will often be extremely oversimplified and 
idealized, since even a single microorganism is a very complicated system. Nev- 
ertheless, basic concepts in microbiology will serve as a guide in formulating 
models and checking their validity, just as basic knowledge in fluid mechanics is 
useful when correlating the friction factor with the Reynolds number. 
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A LITTLE MICROBIOLOGY 3 


1.1 BIOPHYSICS AND THE CELL DOCTRINE 


Microbiology is the study of living organisms too small to be seen clearly by the 
naked eye. As a rough rule of thumb, most microorganisms have a diameter of 
0.1 mm or less. Present knowledge indicates that even the simplest microorgan- 
ism houses chemical reactors, information and control systems, and mass-transfer 
operations of amazing sophistication, efficiency, and organization. These conclu- 
s have been reached in numerous experimental studies involving methods 
adapted from the physical sciences. Since this approach has proved so fruitful, 
the applicability of the principles of chemistry and physics to biological systems 
is now a widespread working hypothesis within the life sciences. The term bio- 
physics is sometimes used to indicate explicitly the union of the biological and 
physical sciences. 

A development critical to the understanding of living systems started in 1838, 
when Schleiden and Schwann first proposed the cell theory. This theory stated 
that all living systems are composed of cells and their products. Thus, the con- 
cept of a basic module, or building block, for life emerged. This notion of a 
common denominator permits an important decomposition in the analysis of 
living systems: first the component parts, the cells, can be studied, and then this 
knowledge is used to try to understand the complete organism. 

The value of this decomposition rests on the fact that cells from a wide 
variety of organisms share many common features in their structure and func- 
tion. In many instances this permits successful extrapolation of knowledge gained 
from experiments on cells from one organism to cells of other types. This ex- 
istence of common cellular characteristics also simplifies our task of learning how 
microorganisms behave. By concentrating on the apparently universal features of 
cellular function, a basic framework for understanding all living systems can be 
established. 

We should not leave this section with the impression that all cells are alike, 
however. Muscle cells are clearly different from those found in the eye or brain. 
Equally, there are many different types of single-celled organisms. These in turn 
can be classified in terms of the two major types of cellular organization de- 
scribed next. 


1.2 THE STRUCTURE OF CELLS 


Observations with the electron microscope have revealed two markedly different 
kinds of cells. Although still linked by certain common features, these two classes 
are sufficiently distinct in their organization and function to warrant individual 
consideration here. So far as is known today, all cells belong to one of these 
groups. 


1.2.1 Procaryotic Cells 


Procaryotic cells, or procaryotes, do not contain a membrane-enclosed nucleus. 
Procaryotes are relatively small and simple cells. They usually exist alone, not 
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Figure 1.1 Characteristic dimensions of the universe. The biological world encompasses a broad 
spectrum of sizes. (From “Cell Structure and Function,” 2d ed., p. 35, by Ariel G. Loewy and Philip 
Siekevitz. Copyright © 1963, 1969 by Holt, Rinehart and Winston Inc. Reprinted by permission of Holt, 


Rinehart and Winston.) 


associated with other cells. The typical dimension of these cells, which may be 
spherical, rodlike, or spiral, is from 0.5 to 3 um.t In order to gain a qualitative 
feel for such dimensions, it is instructive to compare the relative sizes of cells with 
other components of the universe. As Fig. 1.1 reveals, the size of a procaryote 
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relative to a man is approximately equal to the size of a man relative to the earth 
and less than the size of the hydrogen atom compared with that of a cell. These 
size relationships are very significant considerations when the details of cell func- 
tion are investigated, as we shall see later. The volume of procaryotes is on the 
order of 107+? ml per cell, of which 50 to 80 percent is water. As a rough esti- 
mate, the mass of a single procaryote is 107+? g. 

Microorganisms of this type grow rapidly and are widespread in the bio- 

sphere. Some, for example, can double in size, mass, and number in 20 min. 
Typically, procaryotes are biochemically versatile; i.e., they often can accept a 
wide variety of nutrients and further are capable of selecting the best nutrient 
from among several available in their environment. This feature and others to be 
recounted later make procaryotic cells adaptable to a wide range of environ- 
ments. Since procaryotes usually exist as isolated single-celled organisms, they 
have little means of controlling their surroundings. Therefore the nutrient flexibil- 
ity they exhibit is an essential characteristic for their survival. The rapid growth 
and biochemical versatility of procaryotes make them obvious choices for biolog- 
ical research and biochemical processing. 

In Fig. 1.2 the basic features of a procaryotic cell are illustrated. The cell is 
surrounded by a rigid wall, approximately 200 A thick. This wall lends structural 
strength to the cell to preserve its integrity in a wide variety of external surround- 
ings. Immediately inside this wall is the cell membrane, which typically has a 
thickness of about 70A. This membrane has a general structure common to 
membranes found in all cells. It is sometimes called a plasma membrane. These 
membranes play a critical role: they largely determine which chemical species can 
be transferred between the cell and its environment as well as the net rate of such 
transfer. Within the cell is a large, ill-defined region called the nuclear zone, which 
is the dominant control center for cell operation. The grainy dark spots apparent 


Cell Nuclear Ribosome 


membrane region 


Figure 1.2 Electron micrograph of a procaryote, Bacillus subtilis. This soil bacterium, shown here near 
completion of cell division, is used commercially to make several biological catalysts and antibiotics. 
Typical cell dimensions are around 1 um diameter and 2 um length. B. subtilis is also an important host 
organism for recombinant DNA. (Courtesy of Antoinette Ryter.) 
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in the cell interior are the ribosomes, the sites of important biochemical reactions. 
The cytoplasm is the fluid material occupying the remainder of the cell. Not 
evident here but visible in some photographs are clear, bubblelike regions called 
storage granules. We shall explore the composition and function of these struc- 
tures within the procaryotic cell in greater detail after establishing the necessary 
background and defining some terms. 

While sharing many common structural and biochemical features, pro- 
caryotes exhibit considerable : diversity. The blue-green algae, for example, 
contain membranes which capture light energy for photosynthesis. This complex 
process uses light energy from the sun, provides the cells with organic molecules 
suitable for its reactions, and releases oxygen into the atmosphere. 


1.2.2 Eucaryotic Cells 


Eucaryotic cells, or eucaryotes, make up the other major class of cell types. Eu- » 


caryotes may be defined most concisely as cells which possess a membrane- 
enclosed nucleus. As a rule these cells are 1000 to 10,000 times larger than pro- 
caryotes. All cells of higher organisms belong to this family. In order to meet the 
many specialized needs of animals, for example, eucaryotic cells exist in many 
different forms. By coexisting and interacting in a cooperative manner in a higher 
organism, these cells can avoid the necessity for biochemical flexibility and 
adaptability so essential to procaryotes. Many important microbial species are 
also eucaryotes. In the next section we shall see several examples of eucaryotes 
which exist as single-celled organisms. 

The internal.structure of eucaryotes is considerably more complex than that 
of procaryotic cells, as can be seen in Figs. 1.3 and 1.4. Here there is a substantial 
degree of spatial organization and differentiation. The internal region is divided 
into a number of distinct compartments, which we shall explore in greater detail 
later; they have special structures and functions for conducting the activities of 
the cell. At this point we shall only consider the general features of eucaryotic 
cells. 

The cell is surrounded by a plasma, or unit, membrane similar to that found 
in procaryotes. On the exterior surface of this membrane may be a cell coat, or 
wall. The nature of the outer covering depends on the particular cell. For exam- 
ple, cells of higher animals usually have a thin cell coat. The specific adhesive 
properties of this coat are important in binding like cells to form specialized 
tissues and organs such as the liver. Plant cells, on the other hand, are often 
enclosed in a very strong, thick wall. Lumber consists for the most part of the 
walls of dead tree cells. 

Important to the internal specialization of eucaryotic cells is the presence of 
unit membranes within the cell. A complex, convoluted membrane system, called 
the endoplasmic reticulum, leads from the cell membrane into the cell. The nucleus 
here is surrounded by a porous membrane. Ribosomes, biochemical reaction sites 
seen before in procaryotes, are embedded in the surface of much of the endo- 
plasmic reticulum. (Ribosomes in procaryotes are smaller, however.) 

A major function of the nucleus is to control the catalytic activity at the 
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Figure 1.3 A typical eucaryotic cell. Such a typical cell is an imaginary construct, for there are wide 
variations between different eucaryotes. Still, many of these cells share commen features and 
components, making the typical eucaryote a convenient and useful concept. 


ribosomes. Not only are the reaction rates regulated, but the particular reactions 
which occur are determined by chemical messengers manufactured in the nucleus. 

The nucleus is one of several interior regions surrounded by unit membranes. 
These specialized membrane-enclosed domains are known collectively as organ- 
elles. Catalyzing reactions whose products are major energy supplies of the cell, 
the mitochondria are organelles with an extremely specialized and organized in- 
ternal structure. They are found in all eucaryotic cells which utilize oxygen in the 
process of energy generation. In phototrophic cells, which are those using light as 
a primary energy source, the chloroplast (see Fig. 1.5) is the organelle serving as 


the major cell powerhouse. Chloroplasts and mitochondria are the sites of many 


other important biochemical reactions in additioïr to their role in energy pro- 
duction. 


The Golgi complex, lysosomes, and vacuoles are the remaining organelles 
illus 


trated in Figs. 1.3 to 1.5. In general, they serve to isolate chemical reactions 
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Figure 1.4 Electron micrograph of a rat liver cell ( x 11,000). (Courtesy of George E. Palade, Yale 
University.) 


either from the standpoint of reaction efficiency or protection of other cell com- 
ponents from the contents of the organelle. 

The discovery of similar organelles in many different eucaryotes allows a 
refinement of the major working advantages of the cell doctrine. The activities of 
the cell itself can now be decomposed conceptually into the activities of its com- 
ponent organelles, which in turn can be studied in isolation. In the absence of 
contrary evidence, similar organelles are assumed to perform similar operations 
and functions, regardless of the type of cell in which they are found. 

Determination of the chemical composition, structure, and biochemical activ- 
ities of organelles is a major goal of cell research. Much of the present knowledge 
of cell biochemistry came from investigation of these questions. Consequently we 
shall briefly examine the centrifugation techniques. widely employed to isolate 
components of the cell. 
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Figure 1.5 Electron micrograph of the eucaryotic alga, Chamydonomas reinhardii ( x 13,000). Visible are 
the chloroplasts (c), wall (w), nucleus (n) and nucleolus (nc), vacuoles (v), and the Golgi complex (g). 
(Reprinted from U. R. Goodenough and K. R. Porter, J. Cell Biol., vol. 38, p. 403, 1968.) 


1.2.3 Cell Fractionation 


A major problem in analyzing the characteristics of a particular organelle from a 
given type of cell is obtaining a sufficient quantity of the organelle for subsequent 
biochemical analysis. Typically this requires that a large number of organelles be 
isolated from a large number of cells, or a cell population. Let us follow a com- 
mon procedure for this purpose: First a cell suspension is homogenized in a 
special solution using either a rotating pestle within a tube or ultrasonic sound. 
Here an attempt is made to break the cells apart without significantly disturbing 
or disrupting the organelles within. Fractionation of the resulting suspension, 
which now ideally contains a variety of isolated intact organelles, is the next step. 
As process engineers, we know that any separation process is based upon 
exploitation of differences in the physical and/or chemical properties of the com- 
ponents to be isolated. The standard centrifugation techniques for fractionating 
cell organelles rely upon physical characteristics: size, shape, and density. A rudi- 
mentary analysis of centrifugation is presented in the following example. 


Example 1.1: Analysis of particle motion in a centrifuge Suppose that a spherical particle of radius R 
and density p, is placed in a centrifuge tube containing fluid medium of density p, and viscosity y,. If 
this tube is then placed in a centrifuge and spun at angular velocity w (see Fig. 1E1.1), we may 
calculate the particle motion employing the following force balance (what approximations have been 
invoked here?): j 


Drag force on particle = buoyancy force 


4n R? l 
nu Ru, = —— Gp, — ps) (1E1.1) 
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Figure 1E1.1 When a centrifuge is spun at high speed, particles suspended in the centrifuge tubes move 
away from the centrifuge axis. Since the rate of movement of these particles depends on their size, shape, 
and density, particles differing in these properties can be separated in a centrifuge. 


where u, is the particle velocity in the r direction 


= 1E1.2 
u, Ft dt ( l. ) 

and G is the acceleration due to centrifugal forces 
G=o’r (1E1.3) 


Stokes’ law has been used in Eq. (1E1.1) to express the drag force since particle velocities (and 
therefore particle Reynolds numbers) are usually very low in this situation. The usual gravitational- 
force term does not appear in Eq. (1E1.1) because the r direction in Fig. 1E1.1 is normal to the 
gravity force. Rotation of the centrifuge at high speed, however, produces an acceleration G usually 
many times larger than the acceleration of gravity g; for example, G = 600-600,000 g. 

Integration of this expression gives the time required for movement of the particle from position 
r, tor: 

9 He r2 


socane e 
"SIOR, — py) n 


(1E1.4) 

Spheres with different sizes and/or densities will take different times to traverse the same dis- 
tance in the centrifuge tube. This is the basis for the method of differential centrifugation. Since the 
larger particles such as nuclei and unbroken cells sediment more rapidly, they can be collected as a 
precipitate by spinning the suspension for a limited time at relatively low velocities. The supernatant 
suspension is then subjected to additional centrifugation at higher rotor speeds for a short time, and 
another precipitate containing mitochondria is isolated. By continuing this procedure a series of cell 
fractions can be obtained. The overall process is illustrated schematically in Fig. 1E1.2. 

More sophisticated centrifugation methods employ liquid media with density gradients along 
the centrifuge tube. These techniques are also applicable for continued subdivision and fractionation 
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Figure 1E1.2 The steps in a typical differential centrifugation separation of cell constituents. Smaller 
components are isolated as the process proceeds. 


of smaller cell constituents such as particular types of macromolecules. Distinctions in chemical 
properties, also very valuable in such fine-scale separations, will be investigated in greater detail in 
Chap. 11. : 


There are several limitations in the application and interpretation of centrifu- 
gal cell-fractionation results. For an excellent summary the text of Mahler and 
Cordest should be consulted. One difficulty, however, will plague us at almost 
every turn in investigating and utilizing microorganisms. In order to obtain a 
sufficient quantity of cells, organelles, biological molecules, or the like for analysis 
we are compelled to use a population, or a large number, of individual objects. It 
is common to assume that this population is homogeneous, i.e., that all its mem- . 
bers are alike. In such a case the population serves only to amplify the character- 
istics of the individual so that it can be more conveniently observed. | 

Usually, however, the members of the population are different; the popula- 
tion is heterogeneous. For example, a growing cell population typically contains a 
mixture of old and young, bigger and smaller cells, often with different biochemi- 
cal compositions and activities. On a finer scale, similar organelles such as mito- 
chondria within a single cell are generally different in some respects. 
Consequently, a cell fraction containing mitochondria, for example, is a heteroge- 
neous population. When such a mixture of different components is analyzed, 


"H. R. Mahler and E. H. Cordes, Biological Chemistry, 2d ed., Harper & Row, Publishers, 
Incorporated, New York, 1971. 
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_ properties representing some kind of average over the cell population are ob- 
tained. Therefore, the measured properties will depend upon the makeup of the 
population. 


1.3 IMPORTANT CELL TYPES 


In this section we shall briefly review the classification of the kingdom of protists, 
which consists of all living things with a very simple biological organization 
compared to plants and animals. All unicellular (single-celled) organisms belong 
to this kingdom, and organisms containing multiple cells which are all of the 
same type are also classed as protists. Plants and animals, on the other hand, are 
distinguished by a diversity of cell types. A classification of plant and animal cells 
that can be grown on solid or in liquid nutrient media is included at the end of 


this section. ee 


Table 1.1 shows a breakdown of the protist kingdom into groupings conven- 
ient for our purposes. These classifications show differences in several characteris- 
tics including the following: energy and nutritional requirements, growth and 
product-release rates, method of reproduction, and capability and means of mo- 
tion. All these factors are of great practical importance in applications. Also 
significant in classification are differences in the morphology, or the physical form 
and structure, between these various types of organisms. The morphology of a 
microorganism has an influence on the rate of nutrient mass transfer to it and 
also can profoundly affect the fluid mechanics of a suspension containing the 
organism. Obviously then we must examine each group in Table 1.1 individually. 

Taxonomy is the art of biological classification. The basic unit in this classifi- 
cation scheme is the species which is characterized by a high degree of similarity 


Table 1.1 Classifications of microorganisms belonging to the kingdom of protists 


PROTIST KINGDOM 


, 


Procaryotes Eucaryotes 
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in physical and biochemical properties and significant differences from the prop- 
erties of related organisms. Biological species are assigned a two-word latinized 
name in which the capitalized first word is the genus or generic name and the 
second word is the specific name, often a descriptive term. For example, an 
extensively studied bacterium found in the human intestine has the name Escheri- 
chia (generic name) coli (specific, descriptive name). The species name is itali- 
cized, and, if the generic name is clear from context, it is usually abbreviated to 
its first letter: E. coli. 

In order to organize the cataloging of species and genera. a hierarchical 
system of taxonomy has been developed in which related genera first are grouped 
into families, then related families collected in orders, orders in turn organized 
into classes, next classes gathered in divisions or phyla, and finally phyla grouped 
into kingdoms. In Table 1.1, for example, protist designates a kingdom, fungi 
constitute a division, and yeasts belong to a common class. Often, gradations in 
properties between microorganisms are sufficiently smooth that detailed classifi- 
cation becomes somewhat artificial and arbitrary, especially for bacteria and 
yeasts. 


1.3.1 Bacteria 


As seen earlier in our discussion of procaryotes, bacteria are relatively small 
organisms usually enclosed by rigid walls. In many species the outer surface of 
the cell wall is covered with a slimy, gummy coating called a capsule or slime 
layer. Bacteria are typically unicellular, but they may exist in three basic morpho- 
logical forms (Fig. 1.6). Most cannot utilize light energy, are capable of motion 


Spirilla 
(Spirals), 


Cocci 
(Spheres) 


Figure 1.6 The three forms of 
bacteria. 
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(motile), and reproduce by division into two daughter cells (binary fission). Still, 
many exceptions to each of these rules are known. 

There are many subdivisions of bacteria: some of the general groups of bac- 
teria and some of their distinguishing characteristics are given in Table 1.2. The 
column labeled “Gram reaction” refers to the response of the bacteria to a rela- 
tively straightforward and rapid staining test. Cells are first stained with the dye 
crystal violet, then treated with an iodine solution and washed in alcohol. Bac- 
teria retaining the blue crystal-violet color after this process are called gram- 
positive; loss of color indicates a gram-negative species. Many characteristics of 
bacteria correlate very well with this test, which also indicates basic differences in 
cell-wall structure. 

Whether or not oxygen is supplied to the cells is especially important in 
commercial exploitation of microorganisms (Chaps. 8, 12, and 14). In an aerobic 
Process, oxygen is provided, usually as air, for use by the microorganisms. Manv- 
facture of vinegar, some antibiotics, and animal-feed supplements are among the 
important microbial applications which employ aeration. The sparing solubility 
of oxygen in the aqueous media typical of these systems has major implications 
in process design (Chap. 8). The protists function without oxygen in an anaerobic 
Process such as production of some alcohols or digestion of organic wastes. 

Especially important in commerical utilization and control of bacteria is. 
their ability to form endospores under adverse conditions. Spores are dormant 
forms of the cell, capable of resisting heat, radiation, and poisonous chemicals. 
When the spores are returned to surroundings suitable for cell function, they can 
germinate to give normal, functioning cells. This normal, biologically active cell 
State is often called the vegetative form in order to distinguish it from the spore 
form. As Table 1.2 indicates, there are two major groups of sporeforming bac- 
teria. The aerobic Bacillus species are extremely widespread and adaptable. 
Several Clostridium species, which normally function under anaerobic conditions, 
die in the presence of oxygen in the vegetative state but form spores unaffected by 
oxygen. Some bacteria whose vegetative forms are rapidly killed at 45°C can 
form spores which survive boiling in water for several hours. Therefore, when we 
are attempting to kill microorganisms by heating (heat sterilization) the spore- 
forming capability of bacteria demands use of higher temperatures, typically 
achieved by boiling under pressure in an autoclave to give T > 120°C. 

The blue-green algae will not be discussed here since they are not of great 
commerical significance, They are important, however, in the overall operation of 
natural aquatic systems since they participate in the nitrogen cycle (Chap. 14). 


1.3.2 Yeasts 


Yeasts form one of the important subgroups of fungi. Fungi, like bacteria, are 
widespread in nature although they usually live in the soil and in regions of lower 
relative humidity than bacteria. They are unable to‘extract energy from sunlight 
and usually are free-living. Although most fungi have a relatively complex mor- 
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phology, yeasts are distinguished by their usual existence as single, small cells 
from 5 to 30 um long and from 1 to 5 um wide. 

The various paths of reproduction of yeasts are asexual (budding and fission) 
as shown in Fig. 1.7, and sexual. In budding, a small offspring cell begins to grow 
on the side of the original cell; physical separation of mature offspring from the 
parent may not be immediate, and formation of clumps of yeast cells involving 
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Shear 1.7 Raoi of yeast by asexual budding is shown in the lower series of photographs. 


Numbers denote elapsed time in minutes. As illustrated in the upper sketch, sexual reproduction also 
occurs in the yeast life cycle. (Photographs courtesy of C. F. Robinow.) 
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several generations is possible. Fission occurs by division of the cell into two new 
cells. Sexual reproduction occurs by conjugation of two haploid cells (each having 
a single set of chromosomes) with dissolution of the adjoining wall to form a 
diploid cell (two sets of chromosomes per cell) zygote. The nucleus in the diploid 
cell may undergo one or several divisions and form ascospores; each of these 
eventually becomes an individual new haploid cell, which may then undergo 
subsequent reproduction by budding, fission, or sexual fusion again. The asco- 
spores, which here are a normal stage in the reproductive cycle of these organisms, 
should not be confused with the endospores, discussed above, which are a defense 
mechanism against hostile environments. 

In the production of alcoholic beverages, yeasts are the only important in- 
dustrial microbes. In addition to supplying the consumer market for beer and 
wine, anaerobic yeast activities produce industrial alcohol and glycerol. The 
yeasts themselves are also grown for baking purposes and as protein supplements 
to animal feed (Chap. 12). 


1.3.3 Molds 


Molds are higher fungi with a vegetative structure called ‘a mycelium. As illus- 
trated in Fig. 1.8, the mycelium is a highly branched system of tubes. Within 
these enclosing tubes is a mobile mass of cytoplasm containing many nuclei. The 
mycelium may consist of more than one cell of related types. The long, thin 


Figure 1.8 The mycelial structure of molds. A dense mycelium can cause conditions near its center to 
differ considerably from those at the outer extremities. 
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filaments of cells within the mycelium are called hyphae. In some cases the myce- 
lium may be very dense. This property, coupled with molds’ oxygen-supply re- 
quirements for normal function, can cause complexities in their cultivation, since 
the mycelium can represent a substantial mass-transfer resistance. This problem 
and the unusual flow properties of suspensions of mycelia will be explored in 
further detail in Chaps. 4 and 8. 

Molds, like yeasts, do not contain chlorophyll, and they are generally non- 
motile. Reproduction, which may be sexual or asexual, is typically accomplished 
by means of spores. Spore properties form an important component in fungi 
classification. 

The most important classes of molds.industrially are Aspergillus and Penicil- 
lium (Fig. 1.9). Major useful products of these organisms include antibiotics (bio- 
chemical compounds which kill certain microorganisms o or inhibit their growth), 
organic acids, and biological catalysts. 

The strain Aspergillus niger normally produces oxalic acid (HO,CCO,H). 
Limitation of both phosphate nutrient and certain metals such as copper, 
iron, and manganese results in a predominant yield of citric acid 
[HOOCCH,COH(COOH)CH,COOH]. This limitation method is the basis for 
the commercial biochemical citric acid process. Thus A. niger is an interesting ex- 
ample differentiating approaches to biochemical-reactor design and optimization 
from those of nonbiological reactors: a much greater selectivity can sometimes 
be achieved in the biological system by minor alteration of feed composition 
to the reactor. 

This example (as well as that of penicillin below) should motivate us to learn 
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Ponevan Figure 1.9 The hyphae of Aspergillus 
and Penicillium, two industrially im- 


Aspergillus portant varieties of molds. 
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the essentials of cell Structure, metabolism, and function which are woven into 
the following chapters. Without this background in cellular processes and char- 
acteristics, our skills as process engineers, which are well suited to design and 
analysis of many aspects of biochemical processes, could be wasted because key 
biological features of the system would be ignored. . - 
Penicillin production offers an example of a second fundamental difference 
between microbiological and nonbiological reactors. Major improvement in 
production of penicillin has arisen by use of ultraviolet irradiation of Penicillium 
spores to produce mutants of the original Penicillium strain (Fig. 1.10). Cell muta- 
tion by various techniques may result in orders-of-magnitude improvements in 
desired yield. Recombinant DNA technology, summarized in Chap. 6, provides 
carefully controlled and novel genetic alterations in certain organisms. This ap- 
proach has made possible manufacture of valuable animal products (proteins) in 
simple bacteria. These examples indicate the central importance of genetics to the 
biochemical engineer. This subject occupies a large fraction of the present efforts 
in both university and industrial biological research. The practical importance of 
designing genetic modifications (or, in other situations, of avoiding such changes) 
emphasizes the need for close cooperation between engineers, biologists, and 
biochemists in biochemical process design and evaluation: The history of penicil- 
lin production is in itself a story of joint development of new techniques, includ- 
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Figure 1.10 Maximum attainable penicillin yields over a 30-yr period. Development of special mold 
strains by mutation has produced an exponential increase in yields for the past 25 years. A similar trend 
also holds for yields of the antibiotic streptomycin. / Reprinted by permission of A. L. Demain. 
Overproduction of Microbial Metabolites due to Alteration of Regulation, In T. K. Ghose and A. Fiechter 
(eds.), “Advances in Biochemical Engineering 1,” p. 129, Springer- Verlag, New York, 1971.] 
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ing deep-submerged production, solvent extraction of a delicate product on a 
large scale, air-sterilization procedure for high volumetric flow rates, and isola- 
tion of mutants with high penicillin yields. 

Before leaving bacteria and fungi, we should mention the actinomycetes, a 
group of microorganisms with some properties of both fungi and bacteria. These 
organisms are extremely important for antibiotic manufacture. Although formal- 
ly classified as bacteria, actinomycetes resemble fungi in their formation of long, 
highly branched hyphae. Also, design of antibiotic production processes utilizing 
actinomycetes is very similar to those involving molds. One difference, however, 
is the susceptibility of actinomycetes to infection and disease by viruses which 
also can attack bacteria. These agents will be examined briefly later in Chap. 6. 


1.3.4 Algae and Protozoa 


These relatively large eucaryotes have sophisticated and highly organized struc- 
tures. For example, Euglena has flagella for locomotion, lacks a rigid wall, and 
has an eyespot sensitive to light. The cell, guided by the eyespot, moves in re- 
sponse to stimulus by illumination—clearly a valuable asset since most algae 
require energy in the form of light. Many diatoms (another kind of algae) have 
exterior skeletons of complex architecture which are impregnated with silica. 
These skeletons are widely employed as filter aids in industry. 

Considerable commercial interest in algae is concentrated on their possible 
exploitation as foodstuffs and food supplements. In Japan, several processes for 
algae food cultivation are in operation today. Also important in Asia is use of 
seaweed in the human diet. While not microorganisms, many seaweeds are ac- 
tually multicellular algae. Like the simpler blue-green algae, eucaryotic algae 
serve a vital function in the cycles of matter on earth (Chap. 14). 

Just as algae may be viewed as primitive plants, protozoa, which cannot 
exploit sunlight’s energy, are in a sense primitive animals. The habitats, mor- 
phology, and activities of protozoa span a broad spectrum. For example, some 
trypanosomes carry serious disease, including African sleeping sickness. The 
Trichonympha inhabit the intestines of termites and assist them in digesting 
wood. While the amoeba has a changing, amorphous shape, the heliozoa have an 
internal skeleton and definite form. . 

Although protozoa are not now employed for industrial manufacture of 
either cells or products, their activities are significant among the microorganisms 
which participate in biological waste treatment (Chap. 14). These processes, 
widely employed in urban communities and large industrial plants throughout 


-the world, are suprisingly complicated from a microbiological viewpoint. Since a 


complex mixture of different nutrients and microbes are present in sewage or 
industrial wastes, a correspondingly large collection of different protists are 
present and indeed necessary in treatment operations. These diverse organisms 
compete for nutrients, devour each other, and interact in numerous ways 
characteristic of a small-scale ecological system. A survey and analysis of interac- 
tions between different species will be considered in Chap. 13. 
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1.3.5 Animal and Plant Cells 


Many vaccines and other useful biochemicals are produced by growth of animal 
cells in process reactors; i.e., by cell propagation outside of the whole animal. 
Improvements in cultivation techniques for these tissue-derived cells and emerg- 
ing methods for genetic manipulation of animal and plant cells offer great poten- 
tial for expanded commercial utilization of these higher cells. The reactors in 
which “tissue” cultures may be propagated may be quite similar to microbial 
reactors, admitting a unified treatment of cell kinetics and biochemical reactors 
in Chaps. 7 and 9, respectively. We next consider a very condensed summary of 
some of the important lines of higher cells which can be propagated “in cul- 
ture”—that is, in a process device apart from the animal or plant of origin. 

When a piece of animal tissue, perhaps after disruption to break the cells 
apart, is placed in appropriate nutrient liquid, many cell types, such as blood 
cells, die within a few days, weeks, or months. Other cells multiply and are called 
primary cell lines. Often these cells can be “passaged” by transfer to fresh medium 
after which further cell multiplication occurs giving a secondary cell line. Some 
secondary cells can be passaged apparently indefinitely; these cells are then 
dubbed an established, permanent, or stable cell line. 

Many cell lines have been developed from the epithelial tissues (skin and 
tissues which cover organs and line body cavities), connective tissues, and blood 
and lymph of several animals including man, hamster, monkey, and mouse. 
Figure 1.11 shows LA-9 cells, a line derived from mouse fibroblasts, growing 
attached to a solid surface. A sampling of cell lines and their sources and names 
are listed in Table 1.3. As noted there, several cell lines are derived from malig- 
nant growths called carcinomas arising from various tissues. Malignant growths 
of blood and lymph tissues are usually designated leukemias. 

Some cultured tissue cells can be grown suspended in liquid, but growth of 
most cell lines requires attachment to a solid surface. This anchorage dependence 
poses stringent restrictions on scale-up for production of vaccines and other 
biological products from animal cell culture. Microcarrier culture techniques, 
which we will investigate in Chap. 9, have greatly increased the volumetric pro- 
ductivity of reactors for anchorage-dependent culture cells. 

It is also possible to grow certain plant cells in culture, either as a callus (a 
lump of undifferentiated plant tissue growing on solid nutrient medium) or as 
aggregated cells in suspension. Since plants produce many commercially impor- 
tant compounds including perfumes, dyes, medicinals, and opiates, there is signi- 
ficant potential for future applications of plant cell culture. Cultured plant cells 
can also catalyze highly specific useful transformations. Cultured plant cells have 
several potential agricultural applications including whole plant regeneration. 
Greater knowledge of plant biology and of requirements and constraints in plant 
cell culture are needed before significant commercialization of this approach 
occurs. After noting that tissue cells from insects and other invertebrates can be 
grown in culture, we will confine discussion in later chapters of eucaryote tissue 
cell culture to animal and plant cells. : 
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Figure 1.11 Scanning electron micrograph of LA-9 cells grown in culture on a solid surface. These cells, 
derived from mouse fibroblasts. are approximately 15 um wide and 75-90 um long. (Courtesy of Jean- 
Paul Revel.) 


Table 1.3 A sampling of standard animal cell lines 
and their origins 


Cell line 

designation Animal Tissue 

HeLa (CCL 2) Human Cervix carcinoma 
HLM Human Fetal liver l 
FS-4 Human Foreskin fibroblast 
MK2 Monkey Kidney 

CHO (CCL 61) Chinese hamster Ovary 

L-M (CCL 2) Mouse Connective tissue 


t The CCL designation is used by the Cell Culture Re-~ 
pository, American Type Culture Collection, 12301 Parklawn 
Drive, Rockville, Maryland 20852 USA, which maintains and 
supplies these lines. 
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1.4 A PERSPECTIVE FOR FURTHER STUDY 


In our brief sojourn through cell structure and classification in this chapter, we 
have seen the basic importance of the cell doctrine. The importance of basic 
biology for understanding biochemical process systems has been emphasized. In 
the next few chapters, our attention will continue to be concentrated on funda- 
mental cell biology. 

Chapter 2 reviews the chemicals which the cell must synthesize for survival 
and reproduction; the catalysts used to facilitate reactions within the cell are 
examined in Chaps. 3 and 4. Reaction sequences necessary for cellular function 
are then studied in Chap. 5, with control of these reactions and genetics the 
primary topics of Chap. 6. After investigating the kinetics of microbial systems in 
Chap. 7, we direct our remaining efforts to analysis, design, control, and optimi- 
zation of biological process systems. 


PROBLEMS 


1.1 Microbiologists Read a biography of one of the early influential men in microbiology, e.g., Robert 
Hooke, Anton van Leeuwenhoek, Lazzaro Spallanzani, Louis Pasteur, Walter Reed, D. Iwanowski, 
P. Rous, Theodor Schwann, or M. J. Schleiden. Prepare a short summary indicating what technical 
and social obstacles were or were not overcome, what technical achievements did or did not result 
from careful quantitation, and the place of induction and deduction in the studies of these men. 


1.2 Experimental microbiology Many techniques in microbiology are simple and relatively well es- 
tablished but unfamiliar to those who have completed general, organic, and physical chemistry. As 
observation and measurement underlie any useful analysis, some appreciation of techniques and their 
accuracy is indispensable. Take a microbiology laboratory course in parallel or following this course 
if you have not previously done so. Lacking the opportunity, read carefully through a short labora- 
tory paperback on this topic as you follow the chapters of this text, e.g., Ref. [7]. As you do this 
exercise, remember Claude Bernard: “to experiment without a preconceived idea is to wander aim- 
lessly.” For the laboratory course or paperback, summarize the purpose(s) of each experiment. For 
each such experimental setup, what other information could you obtain? 


1.3 Observation Read a brief account of microscope techniques including dark-field, phase-contrast, 
fluorescence, and electron microscopy. Develop a list of relative advantages and limitations for each 
technique. 


1.4 Definitions Define the following terms and when there is more than one, compare and contrast 
their general characteristics with those of others in the same group: 

(a) Procaryotes, eucaryotes 

(b) Cell wall, plasma membrane, endoplasmic reticulum 

(c) Cytoplasm 

(d) Nucleus, nuclear zone 

(e) Ribosome, mitochondria, chloroplast 

(J) Morphology 

(g) Spirilla, cocci, bacilli 

(h) Budding, sexual fusion, fission, sporulation 

(i) Protozoa, algae, mycelia, amoeba 
1.5 Identification and classification (a) Sketch the diagram showing the kingdom of the protists (from 
memory). 

(b) The taxonomy of microbial species is based largely on visual observation with the optical 
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microscope. Using either Bergey's Manual of Determinative Bacteriology or A Guide to the Identifica- 
tion of the Genera of Bacteria. by Skerman, locate the organisms Escherichia coli, Staphylococcus 
aureus, Bacillus cereus, and Spirillum serpens. For any two. list the distinguishing characteristics which 
would lead to ultimate identification. Begin most generally, passing from family through subgroups 
(tribe, genus) to species. - 
1.6 “The view from the ground floor” Pick a microbial topic of interest (beer fermentation, antibiotic 
production, yeast growth, wastewater treatment, soil microbiology, vaccines, pickling. cheese manu- 
facture, lake ecology, saltwater microbiology, etc.). Read a descriptive account of the topic in a text 
such as the Kirk-Othmer Encyclopedia of Chemical Technology. etc. Sketch a process or natural flow 
scheme indicating important microbial species, food sources, and waste or exit streams. Each week 
during the course, add one or two pages to the description indicating the (lack of) importance of the 
chapter topic to the process. At the end of the course. prepare a short paper on your topic and 
present it to the class. 
1.7 Industrial microbiology A brief description of the history of industrial microbiology and some 
suggestions of developments to come is accessible in “Industria? Microbiology,” A. L. Demain and N. 
A. Solomon, Scientific American, 245. 67-75, 1981. Read the article. and prepare a one-page outline of 
the historical development of industria! microbiology, highlighting dates, products, and/or processes 
and microbial species. 
1.8 Protozoan motility You are observing the motion of spherical protozoa through the microscope 
and can estimate the sizes of the organisms and their speeds in body lengths per unit time. 

(a) For the range of body sizes and speeds shown below, compute the Reynolds number of the 
flow around the organism. Assume that the fluid is water at 20°C and that the flow around the 
organism is relatively undisturbed by any spines, cilia, or slime. 


Sizes: 10 um, 50 um, 100 um 


Speeds: 10 body lengths per second 
1 body length per second 
0.1 body length per second 


What flow regime characterizes these cellular motions? 

(b) Methyl cellulose solution is frequently employed in microscopy to slow motile species and 
render them more convenient for observation. Assuming that the organism’s energetic commitment to 
motion is constant, what effect on velocity would you expect from a 10* increase in viscosity of the 
fluid surrounding the cells? 


1.9 Plating of E. coli When growing E. coli for use in experiments it is desirable to have a genetically 
homogeneous population. This is usually achieved by diluting the source broth to a concentration 
which results in distinct colonies originating from single cells when spread on an agar plate. A single 
colony is then used to grow a population. 

(a) Given a circular plate of agar with a radius of 4cm, 1 mL of a broth of 10° cells/liter, and 1 
liter of sterile broth for dilutions, what is the proper dilution of bacterial broth required to give about 
100 distinct colonies on a plate? (It takes 5 mL of solution to properly cover a 4cm radius plate.) 

(b) How would you get colonies from individual cells if you did not know the concentration of 
cells in the broth? 


1.10 Centrifugal separation Consider a dilute suspension of particles of type A and type B. The 
initially uniform suspension is spun in a centrifuge at an angular velocity w for a time t. In terms of 
the initial fraction of type A particles, fo, find an expression for the final fraction of type A particles in 
the supernatant suspension. Assume that t is sufficiently small that some particles of both types 
remain in suspension. 

1.11 Centrifugation in an angled rotor Consider the “angled ms centrifuge shown below. Given angular 
velocity œ, particle (spherical) radius R, particle density Pp, fluid density p, and viscosity y,, and 
angle from the vertical 6, find the time for the particle to move from distance r =r, to r =r. Note 
that the glass wall applies a normal force to the particle. 


26 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


Figure 1P11.1 
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The organism must synthesize all the chemicals needed to operate, maintain, and 
reproduce the cell. In the following chapters we investigate the kinetics, energet- 
ics, and control of the major biochemical pathways for such syntheses. A neces- 
Sary prerequisite for such studies is familiarity with the reactants, products, 
catalysts, and chemical controllers which participate in reaction networks of the 
cell. 

The present chapter is concerned with the predominant cell polymeric chemi- 
cals and the smaller monomer units from which the larger polymers are derived. 
The four main classes of polymeric cell compounds are the fats and lipids, the 
polysaccharides (cellulose, starch, etc.), the information-encoded polydeoxyribo- 
nucleic and polyribonucleic acids (DNA, RNA), and proteins. The physico- 
chemical properties of these compounds are important both in understanding 
cellular function and in rationally designing processes incorporating living cells. 

The various biological polymers may be usefully regarded as being either 
repetitive or nonrepetitive in structure. Repetitive biological polymers contain one 
kind of monomeric subunit: distinctions between different types of the same 
polymers are primarily due to differences in molecular weight and the degree of 
branching of the polymer chains. The major function of repetitive polymers in 
the cell is to provide structures with the desired- mechanical strength, chemical 
inertness, and permeability. Repetitive polymers also provide a means of nutrient 
storage. In the latter function, for example, a 1 M glucose solution can be stored 
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as the polymer glycogen, a cell polysaccharide reserve, with a concurrent reduc- 


tion in molarity by a factor of 10,000 or greater. As cells may need to store excess _ T 


food supplies without seriously disrupting the intracellular osmotic pressure, 
polymer is a useful form for commodity storage. 

Nonrepetitive polymers may contain from several up to 20 different monomer 
species. Further, each of these biological polymers has a fixed molecular weight 
and monomer composition, and the monomers are linked together in a fixed, 
genetically determined sequence. 

The elemental pool from which the polymers are constructed is exemplified 
by the E. coli composition given in Table 2.1. The predominant elements (hydro- 
gen, oxygen, nitrogen, and carbon) form chemical bonds by completing their 
outer shells with one, two, three, and four electrons, respectively. They are the 
lightest elements in the periodic table with such properties, and (except for hy- 
drogen) they can form multiple bonds as well. The variety of chemicals which can 
be assembled from these four elements include, if we add a little phosphorus and 
sulfur, the four major biopolymer classes. 

In addition to variety, the biochemical compounds assembled from these 
elements are quite stable, reacting only slowly with each other, water, and other 
cellular compounds. Chemical reactions involving such compounds are catalyzed 
by biological catalysts: proteins which are called enzymes (recall that a catalyst is 
a substance which allows an increase in a reaction rate without itself undergoing 
a permanent change). Consequently, by controlling both the number and type of 
enzymes which the cell contains, the cell regulates both the type and rate of 
chemical reactions which occur within it. Details of these control mechanisrns are 
considered in Chap. 6. 

While phosphorus and sulfur occur in the organic matter of all living things, 
they arë present in relatively small amounts. The ionized forms of sodium, 
potassium, magnesium, calcium, and chlorine are always present, and trace 
amounts of manganese, iron, cobalt, copper, and zinc are necessary for proper 
activation of certain enzymes. Some organisms also require miniscule amounts of 
boron, aluminum, vanadium, molybdenum, iodine, silicon, fluorine, and tin. 
Thus, at least 24 different elements are necessary for life. 


Table 2.1 The elemental composition of E. coli 


Element Percentage of dry weight Element Percentage of dry weight 
Carbon 50 Sodium 1 

Oxygen 20 Calcium 0.5 

Nitrogen 14 Magnesium 0.5 

Hydrogen 8 Chlorine 0.5 

Phosphorus 3 Iron 0.2 

Sulfur 1 Ail others ~0.3 

Potassium 1 


Data for E. coli assembled by S. E. Luria, in I. C. Gunsalus and R. Y. Stanier (eds.), 
“The Bacteria,” vol. 1, chap. 1, Academic Press Inc., New York, 1960. 
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The solvent within which cells live is, of course, water. In addition to its 
relatively unusual properties (a high heat of vaporization, a high dielectric con- 
stant, the ability to ionize into acid and base, and propensity for hydrogen bond- 
ing), water is an extremely important reactant which participates in many 
enzyme-catalyzed reactions. Also, the properties which biopolymers exh‘bit de- 
pend strongly on the properties of the solvent within which they are placed: this 
fact provides the means of many separation process designs. The biological fit- 
ness of water and other common cell chemicals is discussed by Blum [12}.? 


2.1 LIPIDS 


By definition, lipids are biological compounds which are soluble in nonpolar 
solvents such as benzene, chloroform, and ether, and are practically insoluble in 
water. Consequently, these molecules are diverse in their chemical structure and 
their biological function. Their relative insolubility leads to their presence pre- 
dominantly in the nonaqueous biological phases, especially the plasma and 
organelle membranes. Fats, which simply serve as polymeric biological fuel stor- 
age, are lipids, as are several important mediators of biological activity. Lipids 
also constitute portions of more complex molecules such as lipoproteins and 
liposaccharides, which again appear predominantly in biological membranes of 
cells and the external walls of some viruses. 


2.1.1 Fatty Acids and Related Lipids 


Saturated fatty acids are relatively simple lipids with the general formula: 


O 
A 
CE ACHE 


OH 


The hydrocarbon chain is constructed from identical two-carbon monomers, so 
that fatty acids may be regarded as noninformational biopolymers with a ter- 
minal carboxylic group. The value of n is typically between 12 and 20 (even 
numbers) in biological systems. 

Unsaturated fatty acids are formed upon replacement of a saturated 
(—C—C-—) bond by a double bond (—C=C—.). For example, oleic acid is the 
unsaturated counterpart of stearic acid (n = 16). 

CH;—(CH,),;,—COOH CH,—(CH,);—HC=CH—(CH,),—COOH 
Stearic acid Oleic acid 

The hydrocarbon chain is nearly insoluble in water, but the carboxyl group 
is very hydrophilic. When a fatty acid is placed at an air-water interface, a small 
amount of the acid forms an oriented monolayer, with the polar group hydrated 


_ t Numbers in brackets indicate the reference listed at the end of the chapter. 
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Polar carboxyl head oe hydrocarbon tail 


Lipid monolayer at an air-water interface 


Lipid micelle in water 
Figure 2.1 Some stable configurations of fatty acids in water. 


in the water and the hydrocarbon tails on the air side (Fig. 2.1). The same 
phenomenon occurs in the action of soaps, which are fatty acid salts. The soap- 
monolayer formation greatly lowers the air-water interfacial tension, and the 
ability of the solution to wet and cleanse confined regions is greatly increased. | 


I 
Na* ~O—C—(CH,),—HC=CH—(CH,),—CH; 
A soap: sodium oleate 

These hydrophilic-hydrophobic lipid molecules possess very small solubili- 
ties: elevation of the solution concentration above the monomolecular solubility 
limit results in the condensation of excess solutes into larger ordered structures 
called micelles (Fig. 2.1). This spontaneous process occurs because the overall free 
energy of the resultant (micelle plus solution) mixture is lower than that of the 
original solution. The structure of the micelle is dictated by the favorable increase 
in the number of hydrophobic-hydrophobic and hydrophilic-hydrophilic contacts 
and concurrent diminution of hydrophilic-hydrophobic associations. Such inter- 
actions between hydrophilic and hydrophobic portions of the same biopolymer 
are also known to favor the folding of such polymer chains into a single preferred 
configuration. This behavior of DNA and proteins will be discussed shortly. 

Important as reservoirs of fuel, fats are esters formed by condensation of 
fatty acids with glycerol. 


oO 
CH,OH =HO—OC(CH,), —CH, CH,O—C—(CH,),,—CHs 
+ 
CHOH + HO—OC(CH,),—CH, Z9, bo —C—(CH,),, CH 
BA £ Q 


A, CHOH HO—OC(CH;)}, —CH, CH ,O—C—(CH;), CH3 
! = Glycerol Fatty acids Ala 


uv 


H3 
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Fats and other lipids discussed in this subsection are hydrolyzed to glycerol and 
soap by heating in alkaline solution, the historical method for making soap from 
animal fats. The reverse of the fat synthesis reaction shown above is catalyzed by 
fat-splitting enzymes at body temperatures in the digestive tract of animals: 
microbes also secrete such enzymes to hydrolyze particulate fats into smaller 
fragments, which can then be taken in through the cell membrane. 

Closely related to the fats in structure but not function are the phospho- 
glycerides. In these molecules, phosphoric acid replaces a fatty acid esterified to 
one end of glycerol. The result is again a molecule with strongly hydrophilic and 
hydrophobic portions; thus micelle formation is again observable at sufficiently 
large phosphoglyceride concentrations. A flat double-molecular layer structure 
may be formed across a small aperture in a sheet submerged in a phospholipid 
solution (Fig. 2.2a). The resulting planar lipid bilayer has a thickness of about 
70 A (7 x 1077 cm). Biological plasma membranes typically contain appreciable 
concentrations of phospholipids and other polar lipids. Also, plasma membranes 
show an apparent molecular bilayer (Fig. 2.2b) of thickness similar to the spon- 
taneously formed phosphoglyceride double layer in Fig. 2.2a. Consequently, it 
appears that the bilayer lipid membranes might serve as convenient synthetic 
systems for fundamental characterization of thin membrane processes. 


ORARIT 
GUUS 


Lipid bilayer 


Cell membrane 


(a) (b) 


Figure 2.2 (a) The spontaneous formation of a stable phospiioglyceride bilayer in the aperture be- 
tween two compartments filled with water and lipid. (b) This structure strongly resembles the bilayer 
appearance of cell membranes in electron micrographs. / Electron micrograph reprinted by permission 
from J. B. Robertson, Membrane Models: Theoretical and Real, in “The Nervous S ystem, vol. 1: The 
Basic Neurosciences,” D. B. Tower (ed.), p. 43, Raven Press, New York.] 
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Several physical properties of lipid bilayer membranes are similar to those of 

plasma membranes. Both lipid and plasma membranes have high passive electri- 
cal resistance and capacitance. The resultant impermeability of natural mem- 
branes to such highly charged species as phosphorylated compounds is largely a 
result of this property. The membrane thereby allows the cell to contain a reser- 
voir of charged nutrients and metabolic intermediates, as well as maintaining a 
considerable difference between the internal and external concentrations of small 
cations such as H*, Kt, and Na’. 
_ Other membrane components and their influences on material exchange be- 
tween the cell environment and interior will be considered in Secs. 2.5 and 5.7. 
These barriers and passages for specific biochemicals determine which enter, are 
confined, and leave the catalytic reaction network housed inside the cell. These 
mass transport regulation functions are critical for life, and they are obviously of 
major importance in process applications employing cells as catalysts. 

An intriguing similarity between bilayer lipid membranes and plasma mem- 
branes is their ability to be modified in their selective ion permeabilities by the 
addition of small amounts of various substances. In particular, several antibiotics 
and other cation-complexing molecules have been found to markedly increase 
passive ion transport in both types of membranes. In more complex processes, 
the cell walls of viable organisms can be rendered leaky by mild chemical or heat 
treatment. This has been used advantageously in the microbial production of 
metabolic intermediates and in the treatment of cells to decrease their nucleic 
acid content before use as animal feed. 


2.1.2 Fat-soluble Vitamins, Steroids, and Other Lipids 


A vitamin is an organic substance which is required in trace amounts for normal 
cell function. The vitamins which cannot be synthesized internally by an organ- 
ism are termed essential vitamins: in their absence in the external medium, the cell 
cannot survive. (This fact has been used advantageously by growing microbes in 
test media as a probe for the presence or absence of a particular vitamin.) The 
water-soluble vitamins such as vitamin C (ascorbic acid) are not lipids by defini- 
tion. However, vitamins A, E, K, and D are water-insoluble and dissolve in 
organic solvents. Consequently these vitamins are classified as lipids. The ulti- 
mate role of the lipid-soluble vitamins appears obscure with the exception of 
vitamin A which is necessary to prevent night blindness in humans. 

Interest in vitamin supply from microbial and other food derives largely from 
the fact that the water-soluble vitamins thiamine, riboflavin, niacin (nicotinic 
acid), pantothenic acid, biotin, folic acid, and choline and the lipid vitamins A, D, 
E, and K are all essential (or probably essential) for children and/or adults. 
Many microorganisms can synthesize a number of these compounds. Yeast, for 
example, provides the precursor ergosterol, which.is converted by sunlight to 
vitamin D, (calciferol). The fat-soluble vitamin K is synthesized by microbes in 
animal and human digestive tracts, an excellent example of mutually assisting 
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populations (commensalism, considered further in Chap. 13). Several water-solu- 
ble vitamins are known to be necessary for activity of specific enzymes. 

Steroids are a class of lipid biochemicals with the general structure shown in 
Fig. 2.3a. Of these, a subgroup (hormones) constitutes some of the extremely 
potent controllers of biological reaction rates: hormones may be effective at lev- 
els of 1078 M in human tissue. Microbes are currently used to carry out re- 
latively minor transformations of such active steroids to yield more valuable 
products. For example, progesterone can be converted into cortisone in a two- 
step process (microbial, then chemical) (Fig. 2.3b). Further examples appear in 


(a) General steroid base: perhydroxycyclopentano 
phenanthrene 


CH, 
| 
C=O 
CH, 
CH; 
ZA 
o~ 
Progesterone 
(h) 
Cortisone 
CH; 


| 
CH, 


Cholesterol 


to) 
Figure 2.3 Some examples of steroid structure. 
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Table 12.15. Evidently, the complexity of the reactant is such that only the action 
of an enzyme, produced by perhaps only one or several kinds of microbes, carries 
out the reaction with a useful selectivity (minimal side-product generation). The 
familiar steroid cholesterol (Fig. 2.3c) occurs almost exclusively in membranes 
of animal tissues. Related sterol compounds have been shown to alter cell plasma- 
membrane permeabilities. 

An important food-storage polymer for some bacteria, including Alcaligenes 
eutrophus, is poly-B-hydroxybutyric acid (PHB). The repeating unit is 


rie Îl 
—CH—CH,—C—0— 


The polymer occurs as granules within the cells. In the absence of sufficient food 
supply, the cell depolymerizes this reserve to yield the soluble, easily metabolized 
B-hydroxybutyric acid. PHB is a possible candidate for large-scale manufacture 
because it is biodegradable and has properties adaptable to packaging. 


2.2 SUGARS AND POLYSACCHARIDES 


The carbohydrates are organic compounds with the general formula (CH,O),, 
where n > 3. These compounds are found in all animal, plant, and microbial 
cells; the higher-molecular-weight polymers serve both structural and storage 
functions. The formula (CH,O), is sufficiently accurate to be useful in calculating 
overall elemental balances and energy release in cellular reactions. 

In the biosphere, carbohydrate matter (including starches and cellulose) ex- 
ceeds the combined amount of all other organic compounds. When photosyn- 
thesis occurs, carbon dioxide is converted to simple sugars C, to Co in reactions 
driven by the incident sunlight (considered further in Chap. 5, bioenergetics). 
These sugars are then polymerized into forms suitable for structure (cellulose) or 
sugar storage (starches). By these processes, radiant solar energy is stored in 
chemical form for subsequent utilization. The magnitude of this energy transfor- 
mation is-estimated to be 10!8 kcal per year, corresponding to storage of 0.1 
percent of the annual incident radiant energy. Much of the annual 10:8 kcal 
stored is of course ultimately released in subsequent oxidation (largely cellular 
respiration) to carbon dioxide. 


2.2.1 p-Glucose and Other Monosaccharides 


Monosaccharides, or simple sugars, are the smallest carbohydrates. Containing 
from three to nine carbon atoms, monosaccharides serve as the monomeric 
blocks for noninformational biopolymers with molecular weights ranging into 
the millions. oa 

D(+)-Glucose, the optical isomer which rotates polarized light in the + 
direction, is a polyhydroxyalcohol derivative like other simple sugars (Table 2.2). 
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Table 2.2. Monosaccharides commonly found in biological systems 


ee nn 


Ketoses 
(ketone derivatives; 
Aldoses (aldehyde derivatives; prefix aldo-) prefix keto-) 
er 
Triose (three-carbon) F HO r H OH 
HCOH C=O 
CH,OH CH,OH 
D-Glyceraldehyde Dihydroxyacetone 
Pentose (five-carbon) CHO yon 
HCOH F =0 
HCOH HCOH 
HCOH HCOH 
CH,OH CH,OH 
D-Ribose D-Ribulose 
Hexose (six-carbon) CHO E T CH OH 
SN HOCH HCOH C=0 
a HOCH ae ta HOCH 
seg ee a ta HCOH 
HCOH Be HCOH HCOH 
CH,OH CH,OH CH OH CH OH 
D-Glucose D-Mannose D-Galactose D-Fructose 


a 


Although D-glucose is by far the most common monosaccharide, other sim- 
ple sugars are also found in living organisms (Table 2.2). These common sugars 
are all either aldehyde or ketone derivatives. In sugar nomenciature, prefixes 
indicating these functional groups are often combined with a name fixing the 
length of the carbon chain. Thus, glucose is an aldohexose; the notation D refer- 
ring to a particular optical isomer occurring almost exclusively in living systems 
(see optical activity, Sec. 2.4). 

In solution D-glucose is present largely as a ring structure, pyranose, which 
results from reaction of the C-1 aldehyde in glucose with the C-5 hydroxyl (note 
the standard numbering scheme for six carbons and the a,B labels for the position 
of the —OH group on the number 1 carbon). 
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The five-membered sugars p-ribose and deoxyribose are major components of - 
the nucleic acid monomers of DNA and RNA and other biochemicals to be 
discussed shortly. 


5CH,OH CH,OH 
O O 
4 1 
OH OH 
3 
OH OH OH 
D-Ribose : Deoxyribose 


2.2.2 Disaccharides to Polysaccharides 


Because the ringed form of many simple sugars predominates in solution, they do 
not exhibit the characteristic reactions of aldehydes or ketones. In the D-gluco- 
pyranose ring above, the —OH attached to position 1 is relatively reactive. As 
shown below, this hydroxyl group, here attached in the a-position, can condense 
with an —OH on the 4 carbon of another sugar to eliminate a water molecule 
and form an a-1,4-glycosidic bond: | 


CH,OH CH,OH 
O O 


condensation 
D 


HONJE ou” HdNQH_ ou“ todos 


OH OH 
a-D-Glucose x-D-Glucose 

CH,OH CH,OH 

O (0) 
+ H,O 
HONGH O-NOH ou 
OH | OH 
x-1,4-glycosidic bond 
a-Maltose 


The condensation product of two monosaccharides is a disaccharide. In addition 
to maltose, which is formed from two D-glucose molecules, the following disac- 
charides are relatively common: 


CH,OH CH,OH 
O 
HO OH 
` OH OH ~~ 
2-D-Glucose -D-fructose 


Sucrose 
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CH,OH CH,OH 
HO 9 O, on 
OH ? Kou 
OH OH 
B-D-galactose -D-glucose 
Lactose 


Table sugar is sucrose, a major foodstuff which is found in all photosynthetic 
plants. Among all disaccharides, sucrose is the easiest to hydrolyze: the resulting 
mixture of glucose and fructose monosaccharides is called invert sugar. Found 
only in milk, lactose is a relatively rare but important disaccharide. Since some 
people are lactose-intolerant and therefore cannot digest milk, enzyme processes 
to hydrolyze milk lactose are currently under development. 

Continued polymerization of glucose can occur by formation of new 1,4- 
glycosidic bonds. Amylose is a straight-chain polymer of glucose subunits with 
molecular weight which may vary from several thousand to half a million: 


F KO KK te 


a-1,4-glycosidic linkages 
Portion of an amylose chain (—OH groups omitted for clarity) 


Amylose typically constitutes about 20 percent of starch, the reserve food in 
plants, although this percentage varies widely. Granules of starch are large 
enough to be seen in many plant cells examined through a microscope. 

While the amylose fraction of starch consists of straight-chain, water-insolu- 
ble polymers, the bulk of starch is amylopectin. Amylopectin, also D-glucose 
polymer, is distinguished by a substantial amount of branching. Branches occur 
from the ends of amylose segments averaging 25 glucose units in length. Such 
Structures arise when condensation occurs between the glycosidic —OH on one 


M. M. Green, G. Blankenhorn, and H. Hart, “Textbook Errors. 123; Which Starch Fraction Is 
Water-Soluble, Amylose or Amylopectin?,” J. Chem. Educ., B52: 729, 1975. 


38 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


chain and the 6 carbon on another glucose: 
C C 
O O, 


branch point 
Wee (1,6 linkage) 


Amylopectin molecules are typically larger than amylose, with molecular weights 
ranging up to 1 to 2 million. Amylopectin is soluble in water, and it can form gels 
by absorbing water. After partial hydrolysis of starch, by acid or certain enzymes, 
many branched remnants of amylopectin called dextrins remain. Dextrins are 
used as thickeners and in pastes. Naturally, glucose, maltose, and other relatively 
small sugars are also obtained by partial hydrolysis. Corn syrup is derived from 
corn starch in this manner. 

The glucose reservoirs in animals, especially numerous in liver and muscle 
cells, are granules of glycogen, a polymer which resembles amylopectin in that it 
is highly branched. Here, the degree of branching is greater as there are typically 
only 12 glucose units in the straight-chain segments between branches. Glyco- 
gen molecular weights of 5 million and greater are not uncommon. Glycogen 
also serves as an energy reserve for some microorganisms, including the enteric 
bacteria. 


2.2.3 Cellulose 


Cellulose, a major structural component of all plant cells from algae to trees, is 
the most abundant organic compound on earth. Cotton and wood are two com- 
mon examples of materials rich in cellulose. Estimates place the amount of cellu- 
lose formed in the biosphere at 101! tons per year. Each cellulose molecule is a 
long, unbranched chain of p-glucose subunits with a molecular weight ranging 
from 50,000 to over 1 million. 

Although the glycosidic linkage in cellulose occurs between the 1 and 4 
carbons of successive glucose units, the subunits are bonded differently than in 
amylose (compare the following structural formula with the preceding one for 
amylose). This difference in structure is significant. While many microorganisms, 
plants, and animals possess the necessary enzymes to break (hydrolyze) the «-1,4- 
glycosidic bonds which are found in starch or glycogen, few living creatures can 
hydrolyze the B-1,4 bonds of cellulose. One of the common products of enzy- 
matic cellulose hydrolysis is cellobiose, a dimer of two glucose units joined by a 
B-1,4-glycosidic linkage. 

The resistance of cellulose to natural and process degradation derives more 
from the crystalline structure of cellulose and upon its biological “packaging” 
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B-1,4 linkage 
The glucose chain of cellulose 


than on its use of f-1,4-glycosidic bonds. As shown in Fig. 2.4, intrachain hydro- 
gen bonding occurs between the C-3 hydroxyl and the oxygen in the pyranose 
ring. Occasional interchain hydrogen bonding is also present. This hydrogen 
bonding makes cellulose chains combine to give crystallites, larger structures 
which are visible in the electron microscope. 

Several different models for the crystalline structure of cellulose have been 
proposed; the essential concepts for our purposes can be gleaned from the sche- 
matic view given in Fig. 2.5. Most of the cellulose is organized into highly or- 
dered crystalline regions, in which cellulose chains or fibrils are so tightly packed 
that even water molecules scarcely penetrate. Cellulose is, accordingly, water 
insoluble. Less ordered portions of the assembly, called amorphous regions, com- 
prise typically about 15 percent of the cellulose microstructure. The amorphous 
regions are easily hydrolyzed by, for example, acids; the crystalline regions on the 
other hand are much more difficult to decompose. 

The cellulose fibrils are clustered in microfibrils which are often depicted in 
cross section as in Fig. 2.5a. Here the solid lines denote the planes of the glucose 
building blocks, and the broken lines represent orientations of another important 
group of polysaccharides called hemicellulose. Hemicellulose molecules are found 


Figure 2.4 Schematic view of hydrogen bonding between glucose residues in cellulose. Also indicated 
by R is a possible position for chemical modification of cellulose. In methyl cellulose, cellulose 
acetate, and carboxymethyicellulose, R is —CH, i and —CHCOONa, respectively. 
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Figure 2.5 Diagram of the struc- 
ture of cellulose microfibrils, 
(Adapted from K. Miilethaner, 
Ann. Rev. Plant Phys., vol. 18, 
p. 1, 1967.) 


Amorphous region — 


in wood and other cellulosic materials surrounding clusters of microfibrils, and 
these structures are in turn encased in an extensively cross-linked coating of 
lignin. 

Because of this packaging, the term lignocellulose is often used to describe 
these materials. In Table 2.3, we can see that many types of biomass and cellulose 
waste materials contain significant amounts of lignocellulose and that the relative 
proportions of cellulose, hemicellulose, and lignin vary considerably. These com- 
position data remind us that, in addition to serving as a renewable source of 
cellulose feedstock, these biomass resources also contain large quantities of other 
potentially useful raw materials. For this reason, we shall examine further the 
properties of hemicellulose and lignin. 

Hemicelluloses, which vary in specific composition among different plants, 
are short, branched polymers of pentoses (xylose and arabinose) and some hex- 
oses (glucose, galactose, and mannose). These units, which typically contain a 


Table 2.3 Distribution (wt %) of cellulose, hemicellulose, 
and lignin in biomass and waste resources 


a ee a 


Material % cellulose % hemicellulose % lignin 
Hardwoods stems 40-55 24-40 18-25 
Softwoods stems 45-50 25-35 25-35 
Grasses 25-40 25-50 10-30 
Leaves 15-20 80-85 ~0 
Cotton seed hairs 80-95 5-20 i ~0 
Newspaper 40-55 25-40 18-30 
Waste papers 60--70 10-20 5-10 


from chemical] pulps 
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large number of acetyl groups, are linked by 1,3-, 1,6-, and 1,4-glycosidic bonds. 
Many of these features are illustrated in the following Ie presentakoi of hard- 
wood hemicellulose: 


+X—X—X—X—X—X—X—X—X—X 
3 2 2 3 3-3 ke SD 
A A a A A A A Alo 
. 1 
GA 
4 
M 
X: xylose M: methoxy group 
A: acetyl group —: B-1,4 glycosidic bond 


GA: glucuronic acid 


Here the numbers denote the carbon numbers of various bonds. 


H,COH H COH 
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HCOH CH, 
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Figure 2.6 Schematic two-dimensional illustration of components and bonds found in spruce lignin. 
(Reprinted by permission from K. Freudenberg, “Lignin: Its Constitution and Formation from 
P-Hydroxycinnamyl Alcohols,” Science, vol. 148, p. 595. Copyright 1965 by the American Association 


for the Advancement af Srionco ) 


42 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


Glucuronic acid has not been mentioned before. It is one member of the 
family of uronic acids which are obtained by specific oxidation of one of the 
primary alcohol groups of a monosaccharide. In particular, glucuronic acid is 
one in which a carboxyl group occupies the 6 position. 

We can hydrolyze hemicellulose to soluble products relatively easily. This 
can be achieved, for example, with dilute sulfuric acid (0.05 to 3 percent) or even 
with hot water. Much more recalcitrant, however, is the lignin casing which 
encloses the polysaccharide components of biomass. 

Lignin is a polyphenolic material of irregular composition. In the model 
structure for spruce lignin in Fig. 2.6, we get a clear impression of the chemical 
complexity and heterogeneity of this material. This random arrangement of dif- 
ferent building blocks strongly resists chemical and enzymatic attack. We shall 
briefly examine some of the available techniques in Chap. 4. In closing this over- 
view of biomass chemistry and structure, we should note that lignin fragments 
are themselves potentially interesting chemicals and feedstocks. 


2.3 FROM NUCLEOTIDES TO RNA AND DNA 


The informational biopolymer DNA (deoxyribonucleic acid) contains all the cell’s 
hereditary information. When cells divide, each daughter cell receives at least one 
complete copy of its parent's DNA, which allows offspring to resemble parent in 
form and operation. The information which DNA possesses is found in the se- 
quence of the subunit nucleotides along the polymer chain. The mechanism of 

information transfer and the timing of DNA replication in the cell cycle are 
discussed in Chap. 6, along with other aspects of cellular controls. The subunit 
chemistry, the structure of the DNA polymer, and the information coded in the 
subunit sequence are now considered. 


2.3.1 Building Blocks, an Energy Carrier, and Coenzymes 


In addition to their presence in nucleic acids, nucleotides and their derivatives 
are of considerable biological interest on their own. ‘Three components make 
up all nucleotides: (1) phosphoric acid, (2) ribose or deoxyribose (five-carbon 
sugars), and (3) a nitrogenous base, usually derived from either purine or 


pyrimidine. 
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Purine Pyrimidine 


These three components are joined in a similar fashion in two nucleotide 
types (Fig. 2.7) which are distinguished by the five-carbon sugar involved. Ribo- 


nucleic acid (RNA) is a polymer of ribose-containing nucleotides, while deoxy- 


ribose is the sugar component of nucleotides making up the biopolymer 
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Figure 2.7 (a) The general structure of ribonucleotides and déoxyribonucleotides. (b) The five nitrog- 
enous bases found in DNA and RNA. 
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deoxyribonucelic acid (DNA). Also shown in Fig. 2.7 are the five nitrogenous 
bases found in DNA and RNA nucleotide components. Three of the bases, ade- 
nine (A), guanine (G), and cytosine (C), are common to both types of nucleic 
acids. Thymine (T) is found only in DNA, while uracil (U), a closely related 
pyrimidine base, is unique to RNA. Both series of nucleotides are strong acids 
because of their phosphoric acid groups. 

Removal of the phosphate from the 5’-carbon of a nucleotide gives the corre- 
. sponding nucleoside. As indicated in Table 2.4, the nomenclature for nucleosides 
and nucleotides derives from the names of the corresponding nitrogenous bases. 
We should note that alternative designations are sometimes used for the nucleo- 
tides. For example, adenylate can also be called adenosine-5’-monophosphate. It 
is the latter nomenclature that is typically extended to describe derivatives with 
diphosphate or triphosphate groups esterified to the nucleoside 5’-hydroxyl; for 
example, adenosine 5’-triphosphate (ATP). 

Of particular biological significance is the nucleoside adenosine, made with 
ribose and adenine. Sketched in Fig. 2.8, along with its important derivatives, is 
adenosine monophosphate (AMP). One or two additional phosphoric acid groups 
can condense with AMP to yield ADP (adenosine diphosphate) and ATP, re- 
spectively. The phosphodiester bonds connecting the phosphate groups have 
especially useful free energies of hydrolysis. For example, the reaction of ATP to 
yield ADP and phosphate is accompanied by a standard Gibbs free-energy 
change of —7.3 kcal/mol at 37°F and pH 7 [recall that pH = —log (molar H* 
concentration) ]. 

Although we are accustomed to thinking primarily in terms of thermal en- 
ergy, the cell is essentially an isothermal system where chemical energy transfor- 
mations are the rule. As examined in considerable additional detail in Chap. 5, 
ATP is the major currency of chemical energy in all cells. That is, ATP is the 
means by which the cell temporarily stores the energy derived from nutrients or 
sunlight for subsequent use such as biosynthesis of polymers, transport of mate- 
rials through membranes, and cell motion. While adenosine phosphates are the 
predominant forms of energy carriers, the diphosphate and triphosphate deriva- 
- tives of the other nucleosides also serve related functions in the cell’s chemistry. 


Table 2.4 Nomenclature of nucleosides and nucleo- 
tides. As indicated in the last row, the prefix deoxy- is 
used to identify those molecules containing deoxyri- 


bose. 

Base Nucleoside Nucleotide 
Adenine (A) Adenosine Adenylate (AMP) 
Cytosine (C) Cytidine Cytidylate (CMP) 
Guanine (G)  Guanosine Guanylate (GMP) 
Uracil (U) Uridine Uridylate (UMP) 


Thymine (T) Deoxythymidine Deoxythymidylate (dTMP) 
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The cyclic form of AMP, so called because of an intramolecular ring involy- 
ing the phosphate group (Fig. 2.8), serves as a regulator in many cellular reac- 
tions, including those that form sugar and fat-storage polymers. An inadequacy 
of cyclic AMP in tissue is related to one kind of cancer, a condition of relatively 
uncontrolled cell growth. 

In addition to providing components for nucleic acids, the adenine-ribose 
monophosphate is a major portion of the coenzymes shown in Fig. 2.9. Enzyme 
kinetics are considered in the following chapter: it suffices here to note that the 
coenzyme is the additional organic moiety which is necessary for the activation of 
certain enzymes to the catalytically useful form. As essentially all reactions within 
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Figure 2.8 The phosphates of adenosine. AMP, ADP, and ATP are important in cellular energy 
transfer processes, and cyclic AMP serves a regulatory function. 
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Figure 2.9 Three important coenzymes derived from nucleotides. 


the cell are catalyzed by enzymes, variations of the coenzyme level provide a 
convenient short-term method for cellular regulation of active enzyme and thus 
of the rate of certain intracellular reactions. 


2.3.2 Biological Information Storage: DNA and RNA 


As with the polysaccharides, the polynucleotides are formed by condensation of 
its monomers. For both RNA and DNA, the nucleotides are connected between 
the 3’ and 5’ carbons of successive sugar rings. Figure 2.10 illustrates a possible 
sequence in a trinucleotide. The DNA molecules in cells are enormously larger: 
all the essential hereditary information in procaryotes is contained in one DNA 
molecule with a molecular weight of the order of 2 x 10%: In eucaryotes, the 
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Figure 2.10 (a) Condensation of several nucleotides to form a chain linked by phosphodiester bonds. 
(b) Another schematic for a nucleotide chain. 


nucleus may contain several large DNA molecules. The negative charges on 
DNA are balanced by divalent ions (procaryotes) or basic amino acids (eu- 
caryotes). 

It is important to notice in Fig. 2.10a that the sequence of nucelotides has a 
direction or polarity, with one free 5’-end and the other terminus possessing a 3’- 
end not_coupled to another nucleotide. As indicated in Fig. 2.10b, it is conven- 
tional to write the nucleotide sequence in the 5’ to 3’ direction. More abbreviated 
notations are often used. Suppose in the example in Fig. 2.10b, which contains a 
phosphate group esterified to the 5’-hydroxyl, that Base, is cytosine, Base, is 
adenine, and Base, is thymine. Then the same nucleotide sequence information is 
often written pCpApT, or, even more briefly, CAT. 

As James Watson and Francis Crick deduced in 1953, the DNA molecule 
consists of two polynucleotide chains coiled into a double helix (Fig. 2.11). The 
regular helical backbone of the molecule is composed of sugar and phosphate 
units. In the interior of the double helix are the purine and pyrimidine bases. It is 
the sequence of the four different nitrogenous bases along the polynucleotide 
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Figure 2.11 Several views of the double-helical structure of DNA. These diagrams show the classical 
Watson-Crick structure [7], also called B-DNA, a right-handed helix in which the planes of the base 
pairs are perpendicular to the helix axis. The sketch on the right reveals some geometrical parameters 
of this structure. (Left-hand and center diagrams reprinted with permission from M. Yudkin and R. 
Offord, “A Guidebook to Biochemistry,” p. 52, Cambridge University Press, London, 1971.) 


chains which carries genetic information—namely the instructions for ribonucleic 
acid and protein synthesis. We shall investigate the mechanisms for control and 
utilization of the genetic information in DNA in Chap. 6. 

The nitrogenous base at a particular position on one strand is paired with 
the adjacent base on the other strand in a particular and precise fashion: adenine 
on one strand pairs with thymine on the other. Guanine-cytosine is the second 
base pair found in DNA. Figure 2.12 indictates the remarkable geometric similar- 
ity of the two base pair configurations and illustrates the presence of two and 
three hydrogen bonds in the A—T and C—G base pairs, respectively. 

The two strands of DNA have opposite polarity: they run 5’ — 3’ in opposite ` 
directions. Combining this information with the base pairing rules, we can infer 
from the nucleotide sequence of a single deoxyribonucleotide chain, for example 


5’ CGAATCGTA 3’ 


that the corresponding fragment of an intact, double-stranded DNA molecule 
looks like 


5 CGAATCGTA 3’ 
3? GCTTAGCAT 5’ 


Similarly, if we have been given only the sequence 


5S’ TACGATTCG 3’ 
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Figure 2.12 The complementary structures of the adenine-thymine and E age r aa 
vide for hydrogen bonding while maintaining very smiat none o ae ee 
pairing within the DNA molecule double helix. (From “Cell Structure 7 i S a A Ay 
Ariel G. Loewy and Philip Siekevitz. Copyright © 1963, 1969 by Holt, Ri ; 

printed by permission of Holt, Rinehart, and Winston.) 
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informational sense, knowledge of one strand’s oe nie e seq 
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ü This ane DNA provides the directions for synthesis of ee avs 
from a parent DNA molecule, a process called DNA replication. If e a 
plementary DNA strands are separated and double helices are constru ae 
each strand following the base-pairing rules, the end products are aa n ace 
cules, each identical to the original double-stranded DNA and each co 


one new strand and one old strand (Fig. 2.13}Therefore, base pairing provides a 


chemical reader for the biological message coded in the cube eps A 
quence. The overall mechanism depicted in Fig. 2.13 was successfully pr oe 
an experiment in which E. coli was grown first in a medium containing 
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Figure 2.13 A simplified diagram of 
DNA replication. As the parent 
strands separate, complementary 
strands are added to each parent, re- 
sulting in two daughter molecules 
identical to the parent. Notice that 
each daughter molecule contains one 
strand from the parent. (From “Cell 
Structure and Function,” 2d ed., p. 145, 
CZ Guanine by Ariel G. Loewy and Philip 
<== Cytosine Siekevitz. Copyright © 1963, 1969 by 
Holt, Rinehart, and Winston. Reprinted 
by permission of Holt, Rinehart, and 
Winston.) 
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nitrogen, then in a medium with only the normal '‘N isotope. DNA containing 
the different isotopes could be separated in an ultracentrifuge. Ultracentrifuga- 
tion and the use of isotopic labels, including radioisotopes, are major tools in 
contemporary biochemistry. 

Another important feature of DNA structure is the hydrogen bonding which 
occurs between the base pairs (See Fig. 2.12). This helps to stabilize the double- 
stranded configuration, but not in a permanent or irreversible fashion. The possi- 
bility of unwinding or separating the two strands is crucial to the biological 
function of DNA as the replication sketch in Fig. 2.13 illustrates. In further 
investigation of molecular genetics in Chap. 6, we will encounter other central 
roles for single-stranded DNA segments. 

Separation of double-stranded DNA by heat is an important method in 
DNA characterization. Because AT base pairs involve two hydrogen bonds and 
GC base pairs have three, AT-rich regions of DNA melt (i.e., the two strands 
separate) before GC-rich regions. The melting process is readily monitored by 
following absorbance of the DNA solution at 260 nm: single-stranded DNA ab- 
sorbs more strongly, so that DNA melting is measured as an increase in overall 
absorbance. The melting temperature T,, is the temperature at which the ab- 
sorbance is midway between the fully double-stranded and completely melted 
limits. As expected, the T,„ value for DNA correlates with its GC content. For 
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example, E. coli DNA, which is 50 percent GC, has a Tan of 69°C, while DNA 
from Pseudomonas aeruginosa, 68 percent GC pairs, gives Tm = 76°C. GC content 
of different organisms span a wide range from 23 to 75 percent. Base composition 
is one parameter sometimes used in characterizing species. 

If a solution of melted DNA is cooled, the separated complementary strands 
will anneal to reform the double helix. Similarly, if two different single-stranded 
segments of DNA have complementary base pair sequences, these will hybridize | 
to form a double-stranded segment. Hybridization is a critical experimental tech- 
nique in biochemistry and in recombinant DNA technology (Chap. 6). Before 
leaving this brief introduction to the physical chemistry of DNA, we should note 
that double-stranded DNA can be melted or denatured by addition of alkali or 
acid to ionize the bases. Also, double-stranded DNA in solution behaves hydro- 
dynamically like a rigid rod, while single-stranded DNA acts like a randomly 
coiled polymer. 

As mentioned earlier, all of the DNA required for essential functions— 
growth and multiplication of cell numbers—in a bacterium like E. coli is con- 
tained in a single DNA molecule which is a closed circle. This molecule, which 
exists naturally in a highly supercoiled form, is evident in electron micrographs of 
bacteria as a distinct but somewhat amorphous nuclear region (recall Fig. 1.2). 
This large, essential DNA is called the chromosome of the bacterium: this chro- 
mosome is 4.7 million, or 4700 kb, base pairs in circumference (kb denotes kilo- 
bases or 1000 nucleotides’). 

The DNA in the membrane-enclosed nucleus of eucaryotes is typically di- 
vided among several chromosomes, which may be much larger structures than 
the procaryote chromosome. Eucaryotic chromosomes also contain small basic 
proteins called histones which account for roughly 50 percent of the chromo- 
somes’ mass. The nucleoprotein material in the eucaryotic chromosome is called 
chromatin. Eucaryotic cells also contain separate and smaller DNA molecules in 
their chloroplast and mitochondria organelles. - 

It is very important to recognize that cells may contain additional DNA 
molecules. Plasmids are relatively small DNAs which are found in many bacteria 
and eucaryotes. Bacterial plasmids, for example, are circular DNA molecules 
with sizes ranging from about 4 to 50 kb. Plasmids in nature endow their host 
cells with useful but nonessential functions such as antibiotic resistance. In the 
biochemistry laboratory and the production process, plasmids assume a central 
role: they are important vehicles of recombinant DNA technology. As we shall 
examine further in Chap. 6, manipulation of plasmids in the test tube and subse- 
quent introduction of the recombinant plasmids into living cells genetically re- 
programs the cells to produce new compounds or grow more efficiently. 

Other small DNA molecules may be inserted into living cells by viruses. 
Bacteriophage, or often called simply phage, are small viruses which infect bac- 
teria. These can cause problems in large-scale processes utilizing pure bacterial 


Lengths in kilobases may be converted to linear contour lengths using the factor 0.34 pm.kb 
-a Anwhle_ctranded DNA. 1 kb equals approximately 660 kdal mass. 
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cultures. On the other hand, studies of phage have made essential contributions 
to molecular genetics, and phage also are used to maintain stable working collec- 
tions, or libraries, of DNA segments. The phage A of E. coli contains a single - 
circular double-stranded DNA molecule 48.6 kb in length. The DNA in T2 phage 
of E. coli is 166 kb long. 

The function of DNA is to store instructions for synthesis of RNA molecules 
of specific nucleotide sequence and length, some of which then coordinate synthe- 
sis of a variety of specific proteins. A segment of DNA coding for an RNA mole- 
cule’s sequence is called a gene. We consider different RNA species briefly next. 
and then turn to proteins and their building blocks. 

There are three distinct classes of ribonucleic acid (RNAs) in all cells and a 
fourth group found in some viruses. RNAs are comprised of ribonucleotides in 
which ribose rather than deoxyribose is the sugar component. Like DNA, the 
nucleotides in an RNA molecule are arranged in a definite sequence. In fact, the 
RNA sequences are constructed using information contained in segments of 
DNA. Again, base pairing is the central device in transmission of information 
from DNA to RNA. The base pairing rules are similar to those within double- 
stranded DNA, except in RNAs uracil substitutes for thymine in base pairing 
with adenine: 


DNA (template) RNA (being assembled) 


AAS A 
AAG} 


The various RNAs which participate in normal cell function serve the purpose of 
reading and implementing the genetic instructions of DNA. Messenger RNA 
(mRNA) is complementary to a base sequence from a gene in DNA. Each 
mRNA molecule carries a message from DNA to another part of the cell’s bio- 
chemical apparatus. Since the length of these messages varies considerably, so do 
the size of mRNAs: a chain of 10°-10* nucleotides in length is typical. RNAs are 
typically single-stranded. However, intermolecular and intramolecular base pair- 
ing of RNA nucleotide sequences often play a role in the structure or function of 
the RNA. 

The message from mRNA is read in the ribosome (Figs 1.2 and 1.3). Up to 65 
percent of the ribosome is ribosomal RNA (rRNA), which in turn can be separ- 
ated in a centrifuge into several RNA species. For example, the E. coli ribosome 
contains three different rRNAs denoted 23S, 16S, and 5S and with characteristic 
chain lengths of 3 x 10°, 1.5 x 10°, and 10? nucleotides, respectively. Ribosomes - 
found in the cytoplasm of eucaryotic cells, on the other hand, contain 28S, 18S, 
TS, and 5S rRNAs. Different still are the ribosomes-found in mitochondria and 
chloroplasts. 


FS RI ESE A 
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Table 2.5 Properties of E. coli RNAs* 


No. of Percent of 
Sedimentation nucleotide total cell 

Type coefficient mol wt residues RNA 
mRNA 6S-25S 25,000- 1,000,000 75-3000 ~2 
tRNA ~4S 23,000-30,000 75-90 16 
rRNA 5S ~ 35,000 ~ 100 

16S ~ 550,000 ~ | 82 

238 ~ 1,100,000 ~ 3100 


t From A. L. Lehninger, Biochemistry, 2d ed., table 12-3, Worth Publishers, Inc. 
New York, 1975. 


Transfer RNA species (tRNAs), the smallest type, with only 70 to 95 nucleo- 
tide components, are found in the cell’s cytoplasm and assist in the translation of 
the genetic code at the ribosome. Table 2.5 characterizes the various RNAs in the 
E. coli bacterium. The nucleotide sequences and thereby the structures and func- 
tions of the various rRNAs and tRNAs found in the cell are, like mRNA se- 
quences, dictated by nucleotide sequences of the corresponding genes in the cell’s 
DNA. 

The end result of this intricate information transmitting and translating sys- 
tem is a protein molecule. Proteins are the tangible biochemical expression of the 
information and instructions carried by DNA. In the terminology of classical 
process control, they are the final control elements which implement the DNA 
controller messages to the cellular process. The dynamics and properties of these 
controllers are considered next and in several later chapters. 


-2.4 AMINO ACIDS INTO PROTEINS 


Proteins are the most abundant organic molecules within the cell: typically 30 to 
70 percent of the cell’s dry weight is protein. All proteins contain the four most 
prevalent biological elements: carbon, hydrogen, nitrogen, and oxygen. Average 
weight percentages of these elements in proteins are C (50 percent), H (7 percent), 
O (23 percent), and N (16 percent). In addition, sulfur (up to 3 percent) contrib- 
utes to the three-dimensional stabilization of almost all proteins by the formation 
of disulfide (S—S) bonds between sulfur atoms at different locations along the 
polymer chain. The size of these nonrepetitive biopolymers varies considerably, 
with molecular weights ranging from 6000 to over 1 million. The two major types 
of protein configuration, fibrous and globular, are shown in Fig. 2.14. 

In view of the great diversity of biological funetions which proteins can serve 
(Table 2.6), the prevalence of proteins within the cell is not syrprising. A critical 
role of many proteins is catalysis. Protein catalysts called enzymes determine the 
rate of chemical reactions occurring within the cell. Enzymes are found in a 
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Figure 2.14 The two major types of protein structure with variations: (a) fibrous and (b) globular. 


variety of cell locales: some are suspended in the cytoplasm and thus dispersed 
throughout the cell interior. Some are localized by attachment to membranes or 
association with larger molecular assemblies. Other membrane-associated pro- 
teins called permeases aid in transport of specific nutrients into the cell. 

Still different proteins contribute to the structure of cell membranes. Others 
can serve motive functions. Many single-celled organisms possess small, hairlike 
appendages called flagella whose motion serves to propel the cell; the flagella are 
driven by contractile proteins. Bacterial protein appendages called pili are impli- 
cated in the initial attachment of pathogenic bacteria to susceptible tissues. 

Proteins are isolated, purified, and characterized by several different types of 
physical and chemical techniques. Protein separation methods (Chap. 11) are 


TS 


li- 


ire 


ARDEA 


CHEMICALS OF LIFE 5§ 


Table 2.6 The diverse biological functions of proteins 


Protein 


Occurrence or function 


Enzymes (biological catalysts): 
Glucose isomerase 
Trypsin 
Alcohol dehydrogenase 
RNA polymerase 


Regulatory proteins: 
lac repressor 
Catabolite activator protein 
Interferons 
Insulin 
Bovine growth hormone 


Transport proteins: 
Lactose permease 
Myoglobin 
Hemoglobin 


Protective proteins in vertebrate blood: 


Antibodies 
Thrombin 


Toxins: 
Bacillus thuringiensis toxin 
E. coli ST toxin 
Clostridium botulinum toxin 


Storage proteins: 
Ovalbumin 
Casein 
Zein 


Contractile proteins: 
Dynein 


Structural proteins: 
Collagen 
Gylcoproteins 
Elastin 


Isomerizes glucose to fructose 
Hydrolyzes some peptides 
Oxidizes alcohols to aldehydes 
Catalyzes RNA synthesis 


Controls RNA synthesis 

Catabolite repression of RNA synthesis 
Induce virus resistance 

Regulates glucose metabolism 
Stimulates growth and lactation 


Transports lactose across cell membrane 
Transports O, in muscle 
Transports O, in blood 


Form complexes with foreign molecules 
Component of blood clotting mechanism 


Kills insects 
Causes disease in pigs 
Causes bacterial food poisoning 


Egg-white protein 
Milk protein 
Seed protein of corn 


Cilia and flagella 


Cartilage, tendons 
Cell walls and coats 
Ligaments 


based on differences in molecular properties, which in turn are partly due to the 


characteristics of the constituent amino acids, our next topic. 


2.4.1 Amino Acid Building Blocks and Polypeptides 


The monomeric building blocks of polypeptides and proteins are the a-amino 
acids, whose general structure is 
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Thus, amino acids are differentiated according to the R group attached to the a 
carbon (the one closest to the —COOH group).. Since there are generally four 
different groups attached to this carbon (the exception being glycine, for which 
R = H), it is asymmetrical. 

Many organic compounds of biological importance, sugars and amino acids 
included, are optically active: they possess at least one asymmetric carbon and 
therefore occur in two isomeric forms, as shown below for the amino acids: 


í 
ka ai dee 
R R 
L form D form 


Solutions of a pure isomer will rotate plane polarized light either to the right 

(dextro- or d-) or left (levo- or l-). This isomerism is extraordinarily important 
-since viable organisms can usually utilize only one form, lacking the isomeriza- 

tion catalysts needed to interconvert the two. The enzyme catalysts themselves 
are typically capable of catalyzing reactions involving one of the two forms only. 
This property has been used commercially to resolve a racemic mixture of 
acylamino acids, converting one isomer only, so that the final solution consists 
of two considerably different and hence more easily separable components. Addi- 
tional details on this process follow in Chap. 4. As direct physical resolution of 
optical isomers is expensive and slow, such microbial and enzymatic (as well as 
other chemical) aids for resolution may become more important. 

It is intriguing to note that only the L-amino acid isomers are found in most 
proteins. Appearance of D-amino acids in nature is rare: they are found in the cell 
walls of some microorganisms and also in some antibiotics. 

The acid (—COOH) and base (—NH,) groups of amino acids can ionize in 
aqueous solution. The amino acid is positively charged (cation) at low pH and 
negatively charged (anion) at high pH. At an intermediate pH value, the amino 
acid acts as a dipolar ion, or zwitterion, which has no net charge. This pH is the 
isoelectric point, which varies according to the R group involved (Table 2.7). An 
amino acid at its isoelectric point will not migrate under the influence of an 
applied electric field; it also exhibits a minimum in its solubility. These properties 
of amino acids allow utilization of such separation techniques as ion exchange, 
electrodialysis, and electrophoresis for mixture resolution (Chap. 11). 

Illustrated in Fig. 2.15 are the 20 amino acids commonly found in proteins. 
In addition to the carboxyl and amine groups possessed by all amino acids 
(except proline), the R groups of some acids can ionize. Several of the acids 
possess nonpolar R groups which are hydrophobic; other R groups are hydro- 
philic in character. The nature of tbese side chains is important in determining 
both the ultimate role played by the protein and the structure of the protein 
itself, as discussed in the next section. E 

Simple proteins are polymers formed by condensation of amino acids. In 
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protein formation, the condensation reaction occurs between the amino group of 
one amino acid and the carboxyl group of another, forming a peptide bond: 


O 
H—N E CoH L 
Ho eee 
rs AN 
H R, H R, 
H O: | 
| zi | -C—OH 
H—N_ ” 
o o 
Rode alg 
H H 


Since the peptide bond has some double-bond character, the six atoms in the 
dashed-box region lie in a plane. Note that every amino acid links with the next 
via a peptide bond, thus suggesting that a single catalyst (enzyme) can join all the 
subunits provided that some other mechanism orders the subunits in advance of 
peptide-bond formation (Chap. 6). 

The amino acid fragment remaining after peptide-bond formation is the res- 
idue, which is designated with a -yl ending, e.g., glycine, glycyl; alanine, alanyl. 
The list of a sequence of residues in an oligopeptide is begun at the terminus 
containing the free amino group. 

Polypeptides are short condensation chains of amino acids (Fig. 2.16). A little 
reflection suggests that as the length of the chain increases, the physicochemical 
characteristics of the polymer will be increasingly dominated by the R groups of 
the residues while the amino and carboxyl groups on the ends will shrink in 
importance. By convention, the term polypeptide is reserved for these relatively 
short chains. These molecules have considerable biological significance. Many 
hormones such as insulin, growth hormone, and somatostatin are polypeptides. 

Larger chains are called proteins, with the diffuse dividing line between these 
two classifications ranging from 50 to 100 amino acid residues. Since the average 
molecular weight of a residue is about 120, proteins have molecular weights 
larger than about 10,000, and some protein molecular weights exceed 1 million. 

Determination of the amino acid content of a particular protein or a protein 
mixture can be accomplished in an automated analyzer. Total hydrolysis of the 
protein can be achieved by heating it in 6 N HCI for 10 to 24h at 100 to 120°C. 
All the amino acids with the exceptions of tryptophan, glutamic acid, and as- 
partic acid are recovered intact in the hydrochloric form. These can then be 
Separated and measured. Alkali hydrolysis can be used to estimate the trypto- 
phan content. The result of such experiments on the proteins from E. coli, an 
intestinal bacterium, are listed in Table 2.8. From these and other data, it has 
been found that not all 20 amino acids in Fig. 2.15 are found in all proteins. 
Amino acids do not occur in equimolar amounts in any known protein. For a 
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Number of carbon atoms in R-group 


0 l 2 3 4 
CH, CH, 
N 
H— CH,;— yo CH—CH,— 
CH; CH; 
Glycine Alanine Valine Leucine 
(Gly) (Ala) (Val) (Leu) 


Methionine 
(Met) 


CH,;— CH,—CH— 


Figure 2.15 The 20 amino acids found in proteins. 


Table 2.7 pK (= —log K) values of ter- 
minal amino, terminal carboxyl, and R 
groups for several amino acidst 


pK, pK, PKR 
Amino acid a-COOH a-NH, R group 
Glycine 2.34 9.6 
Alanine 2.34 9.69 
Leucine 2.36 9.60 
Serine 2.21 9.15 
Threonine 2.63 10.43 
Glutamine 2.17 9.13 
Aspartic acid 2.09 9.82 3.86 
Glutamic acid 2.19 9.67 4.25 
Histidine 1.82 9.17 6.0 
Cysteine 1.71 10.78 8.33 
Tyrosine 2.20 9.11 10.07 
Lysine 2.18 (8.95 10.53 
Arginine 2.17 9.04 12.48 


eee oe ee a a O T, 
‘From A. L. Lehninger, Biochemistry, 2d ed., 
table 4-2. Worth Publishers, Inc., New York, 1975. 
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0 l 2 3 4 Cyclic 
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HO—-CH,— | HO CH,— £ 
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NH, NH, 
\ \ 3 
C—CH, C—CH,—-CH,— aS) 
4 Y E 7 E 
(0) O < 
Asparagine Glutamine 
(Asn) (GIn) 2 
= 
S 
~O TO 2 
\ \ + E 
C—CH,— C—CH,—CH,— H, N—(CH; )g— I 
// z Y F 
O O 
Aspartic acid Glutamic acid Lysine 9 
(Asp) (Glu) (Lys) 3 
5 
rr fa 
NH% D: 
H 
Arginine Histidine 
(Arg) (His) 
H3 
Cc O 
CN, Ff 
HS—CH,— | eS E Others 
CN H o 
Cysteine Proline 
(Cys) (Pro) 


(entire molecule) 


Figure 2.15 (continued) 


given protein, however, the relative amounts of the various amino acids are 
fixed. f 

Amino acids are not the only constituents of all proteins. Many proteins 
contain other organic or even inorganic components. The other part of these 
conjugated proteins is a prosthetic group. If only amino acids are present, the term 
simple protein, already introduced above, is sometimes used. Hemoglobin, the 
oxygen-carrying molecule in red blood cells, is a familiar example of a conjugated 
protein: it has four heme groups, which are organometallic complexes containing 
iron. A related smaller molecule, myoglobin, has ome heme group. Each molecule 
of the enzyme L-amino acid oxidase, which catalyzes deamination of a number of 
L-amino acids, contains two FAD (Fig. 2.9) units. As discussed above, the pros- 
thetic portion of ribosomes is RNA. 
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Gly-Asp-Lys-Glu-Arg-His-Ala 


Figure 2.16 A hypothetical polypeptide, showing the ionizing groups found among the amino acids. 
Notice that the listing sequence for the amino acid residues starts at the N-terminal end. Numbers 
near each ionizing group denote the corresponding pK value. 


2.4.2 Protein Structure 


The many specific tasks served by proteins (Table 2.6) are in large part due to the ‘ 
variety of forms which proteins may take. The structure of many proteins is : 
conveniently described in three levels. A fourth structural level must be consid- a 
ered if the protein consists of more than a single chain. As seen from Table 2.9, i 
each level of structure is determined by different factors, hence the great range of i 
protein structures and functions. 


Table 2.8 Proportions of amino acids contained in the pro- 
teins of E. colit 


Amino Relative frequency Amino Relative frequency i 
acid (Ala = 100) acid (Ala = 100) : 
Ala 100 Thr 35 : 
Glx(GlIn + Glu) 83 Pro 35 i 
Asx(Asn + Asp) 76 Ile 34 i 
Leu 60 Met 29 : 
Gly 60 Phe 25 i 
Lys 54 Tyr 17 l 
Ser 46 Cys 14 ; 
Val 46 Trp 8 ; 
Arg 41 His 5 iri ] 


t From A. L. Lehninger, Biochemistry, 2d ed., table 5.3, Worth Pub- ] 
lishers, Inc., New York, 1975. T 
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Table 2.9 Protein structure 
RN es a ee an a a a Se ee 
j. Primary Amino acid sequence, joined through peptide bonds 
2, Secondary Manner of extension of polymer chain, due largely to hydrogen bonding 
7 between residues not widely separated along chain 


3. Tertiary Folding, bending of polymer chain, induced by hydrogen, 
salt, and covalent disulfide bonds as well as hydrophobic and 
hydrophilic interactions 


4. Quaternary How different polypeptide chains fit together; structure stabilized by same 
forces as tertiary structure 


2.4.3 Primary Structure 


The primary structure of a protein is its sequence of amino acid residues. The first 

rotein structure completely determined was that of insulin (Sanger and cowork- 
ers in 1955). It is now generally recognized that every protein has not only a 
definite amino acid content but also a unique sequence in which the residues are 
connected. As we shall explore further in Sec. 6.1, this sequence is prescribed by a 
sequence of nucleotides in DNA. 

While a detailed discussion of amino acid sequencing would take us too far 
from our major objective, we should indicate the general concept employed. By a 
variety of techniques, the protein is broken into different polypeptide fragments. 
For example, enzymes are available which break bonds between specific residues 
within the protein. The resulting relatively short polypeptide chains can be se- 
quenced using reactions developed by Sanger and others. The fragmental se- 
quences, some of which partially overlap, are then shuffled and sorted until a 
consistent overall pattern is obtained and the complete amino acid sequence 
deciphered. Automated spinning cup analyzers can determine an amino acid se- 
quence up to 100 residues in length; about two hours are required per amino 
acid. Recent gas phase protein sequencing technology has greatly reduced the 
amount of protein sample required to obtain sequence information. For example, 
to obtain the complete amino acid sequence for a 50 residue polypeptide, 50-100 
picomoles are required for the gas-phase sequencer, while 1-5 nanomoles of the 
protein would be needed for spinning-cup analysis. Also, as discussed further in 
Chap. 6, protein sequences may now be deduced from experimentally a 
nucleotide sequences of the corresponding gene. 

The sequence of amino acid residues in many polypeptides and proteins is 
now known. So far no repeating pattern of residues has been found, although the 
available evidence suggests some patterns may exist in fibrous proteins. As an 
example, Fig. 2.17 gives the amino acid sequence of an enzyme called lysozyme 
found in egg white. As mentioned previously, the sequence is conventionally 
numbered starting with the amino-terminal residue, here lysine, and proceeding 
to the carboxyl terminus, occupied in this enzyme-by leucine. 

The various side chains of the amino acid residues interact with each other 
and with the immediate protein environment to determine the geometrical confi- 
guration of the protein molecule. The folding of the polypeptide chain into a 
precise three-dimensional structure often vields a complex. convoluted form as 
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Figure 2.17 (a) The amino acid sequence, or primary structure,of.egg white lysozyme, an enzyme. 
(b) The corresponding three-dimensional molecular structure (tertiary structure) of crystalline lyso- 
zyme. (By permission of C. C. F. Blake and the editor of Nature. From “Structure of Hen Egg-White 
Lysozyme,” Nature, vol. 206, p. 757, 1965.) 
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seen in Fig. 2.17b for the lysozyme molecule. This elaborate geometrical structure 
is dictated primarily by the protein’s amino acid sequence. 

When this fact is coupled with knowledge of the cell’s coding system for the 
amino acid sequence (Sec. 6.1), the significance of primary protein structure 
emerges. It is the link between the central DNA controller of the cell and 
the elaborate, highly specific protein molecules which mediate and regulate the 
diverse biochemical activities essential for growth and survival. 


2.4.4 Three-Dimensional Conformation: 
Secondary and Tertiary Structure 


Secondary structure of proteins refers to the structural configuration of the amino 
acid residues which are close neighbors in the linear amino acid sequence. We 
recall that the partial double-bond character of the peptide bond holds its neigh- 
bors in a plane. Consequently, rotation is possible only about two of every three 
bonds along the protein backbone (Fig. 2.18). This restricts the possible shapes 
which a short segment of the chain can assume. | 

As already sketched in Fig. 2.14, there are two general forms of secondary 
structure: helices and sheets. The configuration believed to occur in hair, wool, 
and some other fibrous proteins arises because of hydrogen bonding between 
atoms in closely neighboring residues. If the protein chain is coiled, hydrogen 
bonding can occur between the —C=O group of one residue and the —NH 
group of its neighbor four units down the chain. A configuration called the 
a-helix is the only one which allows this hydrogen bonding and also involves no 
deformation of bonds along the molecular backbone. Collagen, the most abun- 
dant protein in higher animals, is thought to contain three such a-helices, which 
are intertwined in a superhelix. Rigid and relatively stretch-resistant, collagen is a 
biological cable. Found in skin, tendons, the cornea of the eye, and numerous 
other parts of the body, collagen is important in enzyme and cell immobilization 
and in formulation of biocompatible materials. 

Because of the relative weakness of individual hydrogen bonds, the «-helical 
structure is easily disturbed. Proteins can lose this structure in aqueous solution 
because of competition of water molecules for hydrogen bonds. If wool is 


N-terminal end Planar peptide C-terminal end 
group 


Figure 2.18 The planar nature of the peptide bond restricts rotation in the peptide chain. ( From A. L. 
Lehninger, “ Biochemistry,” 2d ed., p. 128, Worth Publishers, New York, 1975.) 
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steamed and stretched, it assumes a different, pleated-sheet structure. This 
arrangement is the naturally stable one in silk fibers. The pleated-sheet configura- 
tion is also stabilized by hydrogen bonds which exist between neighboring par- 
allel chains. While the parallel sheets are flexible, they are very resistant to 
stretching. 

Achievement of the secondary structure of fibrous proteins is of importance 
in the food industry. While plant products such as soybeans are valuable sources 
of essential amino acids, they lack the consistency and texture of meat. Conse- 
quently, in the preparation of “textured protein,” globular proteins in solution 
are spun into a more extended, fibrous structure. 

The complete three-dimensional configurations, or tertiary structures, of a 
few proteins have been determined by painstaking and laborious experiments. 
After crystals of pure protein have been prepared, x-ray crystallography is em- 
ployed. Each atom is a scattering center for x-rays; the crystal diffraction pattern 
contains information on structural details down to 2A resolution. In order to 
obtain this detail, however, it was necessary in the case of myoglobin (Fig. 2.19) 
to calculate 10,000 Fourier transforms, a task which had to wait for the advent of 
the high-speed digital computer. 


Figure 2.19 The three-dimensional structure of myoglobin. Dots indicate the a-carbons of the 121 
amino acid residues in this oxygen-carrying protein. A single heme group, with its central iron atom 
larger and labeled, is shown in the upper central portion of the.molecule. (Reprinted from N. A. 
Edwards and K. A. Hassall. “Cellular Biochemistry & Physiology,” p. 57, McGraw-Hill Publishing 
Company Lid., London, 1971.) 
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As the diagrams in Figs. 2.17b and 2.19 illustrate, protein tertiary structure, 
especially in these globular proteins, is exquisitely complex. Subdomains of heli- 
cal secondary structure are clearly evident in these examples, and the lysozyme 
molecule also contains regions of sheet secondary structure. How are these con- 
yoluted protein architectures stabilized and what purpose is served by a class of 
molecules with such widely diverse, elegant shapes? 

Interactions between R groups widely separated along the protein chains 
determine how the chain is folded or bent to form the compact configuration 
typical of globular proteins. Several weak interactions, including ionic effects, 
hydrogen bonds, and hydrophobic interactions between nonpolar R groups (Fig. 
2,20), are prime determinants of protein three-dimensional structure. Like micelle 
formation by lipids, examined earlier, many globular proteins have their hydro- 
phobic residues concentrated in the molecule’s interior with relatively hydrophilic 
groups on the outside of the molecule. This configuration, sometimes called the 
oil-drop model of protein structure, is presumably the most stable in the protein’s 
natural aqueous environment. (What differences in structure would you expect 
for a protein embedded in a cell membrane?) . 

It is extremely important at many points of our journey into biochemical 
engineering to realize that these weak interactions are easily disrupted by 
changes of several different kinds in the environment of the protein. In biological 
systems, hydrogen bond energies range from 3 to 7 kcal/mol, and 5 kcal/mol is 
typical of ionic bond energies. Modest heating can disrupt several of these stabi- 
lizing interactions. Changes in pH, ionic strength, physical forces, and addition of 
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Figure 2.20 A summary of the bonds and interactions which stabilize protein molecular structure. 
(From “Cell Structure and Function,” p. 210 by Ariel G. Loewy and Philip Siekevitz, Copyright © 
1963, 1969 by Holt, Rinehart, and Winston, Inc. Reprinted by permission of Holt, Rinehart, and Win- 
ston.) 
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organics are other obvious candidates for disturbance of the natural tertiary 
structure of a protein. 

Also important in protein conformational architecture are covalent bonds 
which often exist between two cysteinyl residues. By eliminating two hydrogen 
atoms, a disulfide bond is formed between two —SH groups: 


| 
ce as ° 
` Sone a 
: 2H P — disulfide 
H S linkage 
| | 
à BG al 
Dea a O 
O 


Such bonds are found as cross-links within a polypeptide chain, and they some- 
times hold two otherwise separate chains: insulin is actually two subchains of 21 
and 30 residues which are linked by disulfide bonds (Fig. 2.21). There is also an 
internal cross-link in the shorter subchain. These covalent bonds are more re- 
sistant to thermal disruption than the weak interactions mentioned above. How- 
ever, disulfide bonds can be reduced by an excess of a sulfhydryl compound such 
as B-mercaptoethanol. 

Protein conformation is a major determinant of protein biological activity. 
There is considerable evidence that in many cases a definite three-dimensional 
shape is essential for the protein to work properly. This principle is embodied, for 
example, in the lock-and-key model for enzyme specificity. This simple model 
suggests why the proteins which catalyze biochemical reactions are often highly 
specific. That is, only definite reactants, or substrates, are converted by a particu- 
lar enzyme. The lock-and-key model (Fig. 2.22) holds that the enzyme has a 
specific site (the “lock”) which is a geometrical complement of the substrate (the 
“key”) and that only substrates with the proper complementary shape can bind 
to the enzyme so that catalysis occurs. The available information on tertiary 
enzyme structure has not only confirmed this hypothesis but also has provided 
insights into the catalytic action of enzymes, a topic we consider further in the 
next chapter. The direct connection between protein geometry and highly specific 
interactions with other reagents is also well established for permeases, hormones, 
antibodies, and other proteins. 

When protein is exposed to conditions sufficiently different from its normal 
biological environment, a structural change, again called denaturation, typically 
leaves the protein unable to serve its normal function (Fig. 2.23). Relatively small 
changes in solution temperature or pH, for example, may cause denaturation, 
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Figure 2.21 Disulfide bonds link two peptide subchains, denoted A (21 residues) and B (30 residues), 
in the beef (shown here) and other species’ insulin molecules. Note also the intrapeptide disulfide 
linkage between two residues of the shorter subchain. ( Reprinted from F. J. Reithel, “Concepts in 
Biochemistry, p. 237, McGraw-Hill Book Company, New York, 1967.) 


which usually occurs without severing covalent bonds. If a heated dilute solution 
of denatured protein is slowly cooled back to its normal biological temperature, 
the reverse process or, renaturation, with restoration of protein function, often 
occurs. As with other transitions, higher temperatures favor the state of greater 
entropy (disorder) hence extendedness; cooling favors the greatest number of 
favorable interactions leading to compactness and renaturation. 
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Figure 2.22 Simplified diagram of the lock-and-key model for enzyme action. Here the shape of the 
catalytically active site (the lock) is complementary to the shape of the substrate key. (Reprinted from 
M. J. Pelczar, Jr. and R. D. Reid, “ Microbiology,” 3d ed., p. 158, McGraw-Hill Book Company, New 
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Native form 


Random coil 


= S 


Refolding Figure 2.23 After a protein has been denatured by 


exposure to an adverse environment, it will often 

return to the native, biologically active conforma- 

tion following restoration of suitable conditions. 

This result indicates that primary protein structure 

. determines secondary and tertiary structure. 

ie) (From A. L. Lehninger, “Biochemistry,” 2d ed., 
Native form p. 62, Worth Publishers, New York, 1975.) 


The configuration assumed by a protein, and thus which determines its 
properties, is the one which minimizes the molecule’s free energy. While we can- 
not yet utilize this concept to predict protein structure and function knowing 
only its amino acid sequence, this perspective is helpful in thinking about how 
proteins work under process conditions (which often differ significantly from the 
protein’s native environment) or when their amino acid sequence is altered. 
Equipped with this conceptual outlook, we will not be surprised to find, for 
example, that an enzyme attached to a solid surface has less catalytic activity 
than it does in solution. 

After placing so much emphasis on the connection between protein structure 
and function, we should remember that most of the forces which stabilize protein 
structure are weak, allowing the molecule substantial opportunities to “flex” 
about a characteristic average geometry. Just as the biological function of DNA 
depends on the separability of its two strands under isothermal, intracellular 
conditions, the ability to flex slightly has been implicated in natural function of 
several proteins. From a process perspective, the relative ease of thermally or 
chemically inducing denaturation of many proteins reminds us that the biochem- 
ical engineer may operate enzyme and cellular processes only over a fairly nar- 
row range of, for example, pH, temperature, and ionic strength. This knowledge 
is also useful in other subjects such as protein recovery (Chap. 11) and sterilizer 
design (Chaps. 7 and 9). 


2.4.5 Quaternary Structure and Biological Regulation 


Proteins may consist of more than one polypeptide chain, hemoglobin being 
perhaps the best known example. How these chains fit together in the molecule is 
the quaternary structure. As Table 2.10 indicates, a great many proteins, 
especially enzymes (usually indicated by the -ase suffix), are oligomeric and con- 
sequently possess quaternary structure. The forces -stabilizing quaternary struc- 
ture are believed to be the same as those which produce tertiary structure. While 
disulfide bonds are sometimes present, as in insulin, most of the proteins in 
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Table 2.10 Characteristics of several oligomeric proteins‘ 
Ie NaC Ne TE S AGREE OL eR ERE EE 


Molecular No. of No. of 
Protein weight chains —S—S—bonds 
A eae e Oe er eee re ee a eT Oe 
Insulin 5,798 I+1 3 
Ribonuclease 13,683 1 4 
Lysozyme 14,400 l 5 
Myoglobin 17,000 1 0 
Papain 20,900 1 3 
Trypsin 23,800 1 6 
Chymotrypsin 24,500 3 5 
Carboxypeptidase 34,300 1 0 
Hexokinase 45,000 2 0 
Taka-amylase 52,000 1 4 
Bovine serum albumin 66,500 1 17 
Yeast enolase 67,000 2 0 
Hemoglobin 68,000 2+2 0 
Liver alcohol dehydrogenase 78,000 2 0 
Alkaline phosphatase 80,000 2 4 
Hemerythrin 107,000 8 0 
Glyceraldehyde-phosphate dehydrogenase 140,000 4 0 
Lactic dehydrogenase 140,000 4 0 
y-Globulin 140,000 2+2 25 
Yeast alcohol dehydrogenase 150,000 4 0 
Tryptophan synthetase 159,000 2+2 
Aldolase 160,000 4(?) 0 
Phosphorylase b 185,000 2 
Threonine deaminase (Salmonella) | 194,000 4 
Fumarase 200,060 4 0 
Tryptophanase 220,000 8 4 
Formyltetrahydrofolate synthetase 230,000 4 
Aspartate transcarbamylase 310,000 4+4 0 
Glutamic dehydrogenase 316,000 6 0 
Fibrinogen 330,000 2+2+2 
Phosphorylase a 370,000 4 
Myosin 500,000 2+3 0 
B-Galactosidase 540,000 4 
Ribulose diphosphate carboxylase 557,000 24 


t? From Cell Structure and Function, 2d ed., p. 221, by Ariel G. Loewy and Philip Siekevitz. 
Copyright © 1963, 1969 by Holt, Rinehart, and Winston. Reprinted by permission of Holt, 
Rinehart, and Winston. 


Table 2.10 are held together by relatively weak interactions. Many oligomeric 
proteins are known to be self-condensing; e.g., separated hemoglobin « chains and 
B chains in solution rapidly reunite to form intact hemoglobin molecules. This 
feature is of great significance, for it indicates that at least in some cases the one- 
‘dimensional biochemical coding from DNA which specifies primary protein 
structure ultimately determines all higher structural levels and hence the specific 
biological role of the protein. 
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Evidence to date suggests that the subunit makeup of some protein mole- 
cules is especially suited for at least two important biological functions: control 
of the catalytic activity of enzymes, and flexibility in construction of related but 
different molecules from the same collection of subunits. Different proteins 
known as isozymes or isoenzymes demonstrate the latter point. Isozymes are 
different molecular forms of an enzyme which catalyze the same reaction within 
the same species. While the existence of isozymes might seem a wasteful duplica- 
tion of effort, the availability of parallel but different catalytic processes provides 
an essential ingredient in some biochemical control systems (Chaps. 3 and 5). 
Several isozymes are known to be such oligomeric proteins; in one instance 
isoenzymes are composed of five subunits, only two of which are distinct. This 
might be viewed as an economical device since five different proteins may be 
constructed from the two polypeptide components. 


2.5 HYBRID BIOCHEMICALS 


Many biologically and commercially important biochemicals do not fit clearly 
into any of the chemical classes described above. These diverse compounds are 
hybrids which contain various combinations of lipid, sugar, and amino acid 
building blocks. As indicated in Table 2.11, hybrid biochemicals provide several 
different significant functions. In the next subsection, we consider in more detail 
the chemistry and organization of the outer surfaces of different types of cells. 
Here several hybrid compounds as well as new polysugars and proteins are en- 
countered. 


Table 2.11 Some examples of the nomenclature, subunit composition, 
and biological function of hybrid biochemicals 


I ee 


Name Building blocks Location, function 


——— eee 


Peptidoglycans Crosslinked disaccharide and Bacterial cell walls 
peptides 

Proteoglycans 95% carbohydrate, 5% Connective tissue 
protein 


Glycoproteins 


Glycolipids 


Lipoprotein 


Lipopolysaccharides 


1-30% carbohydrate, 
remainder protein 


Lipids which contain from 
one to seven sugar residues 


1-50% protein, remainder 
lipid in plasma lipoproteins 

Lipid plus a highly variable 
oligosaccharide chain 


Diverse; includes antibodies, 
eucaryotic cell outer 
surface components 


Membrane components 


Membrane, blood plasma 
components 


Outer portion of gram- 
negative bacterial envelope 


PE m pee eee ec mune 
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2.5.1 Cell Envelopes: Peptidoglycan and Lipopolysaccharides 


We have already seen in our perusal of lipids that cell membranes play vital roles 
in regulating component fluxes into and out of the cell interior. Other parts of 
the outer surfaces of microorganisms and tissue cells are also extremely impor- 
tant. From a natural biological viewpoint, microorganisms, such as bacteria that 
jive in environments much more diverse and much less controlled than cells in 
liver tissue in an animal, must possess greater physical rigidity and resistance to 
bursting under large osmotic pressure. Accordingly, bacteria have much different 
outer envelopes than animal cells. l 

Looking at cell envelopes from a biochemical process engineering perspec- 
tive, we find several points of interest. The properties of outer cell surfaces deter- 
mine the cells’ tendency to adhere to each other or to walls of reactors, pipes, and 
separators. As we shall develop in the following chapters, such phenomena have 
important influences in formulation of immobilized cell catalysts, operation of 
continuous microbial reactors, and cell separation from liquid. The chemical and 
mechanical characteristics of cell envelopes determine the cells’ resistance to dis- 
ruption by physical, enzymatic, and chemical methods, essential in recovery of 
intracellular products. 

As indicated in part by their opposite responses to gram staining, the enve- 
lopes of gram-positive and gram-negative cells are very different (Fig. 2.24). In 
each case, the envelope is comprised of several layers, but their disposition, thick- 
nesses, and composition are quite distinctive. Not shown in these sketches are a 
variety of proteins embedded in and on the surfaces of the cell membranes; these 
will be one focus of our discussion of membrane transport in Chap. 5. 

While the envelope of a gram-positive bacterium has a single membrane, 
there are two membranes of this type in gram-negative cells. The outer and 
cytoplasmic membranes in gram-negative bacteria enclose a region called the 
periplasmic space or periplasm. The periplasmic space, which may include from 20 
to 40 percent of the total cell mass, contains a number of enzymes and sugar and 
amino acid binding proteins. 
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Figure 2.24 Schematic diagrams of the cell envelope structure of gram-positive and gram-negative 
bacteria (CM cytoplasmic membrane, PG peptidoglycan, PS periplasmic space, OM outer mem- 
brane). / Adapted from R. Y. Stainer, E. A. Adelberg, J. L. Ingraham, and M. L. Wheelis, “Introduction 
to the Microbial World,” p. 128, Prentice-Hall, Englewood Cliffs, N.J., 1979.) 
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Adjacent to the outer surface of the cytoplasmic membrane in both types of 
bacteria is a layer of peptidoglycan. The building blocks of peptidoglycan are a ß- 
1,4 linked disaccharide of N-acetylmuramic acid (NAM) and N-acetylglucos- 
amine (NAG), a bridging pentapeptide comprised entirely of glycyl residues, and 
a tetrapeptide. This last peptide varies from species to species; in Staphylococcus 
aureus, for example, the tetrapeptide component consists of L-alanine, p-glu- 
tamine, L-lysine, and p-alanine (Fig. 2.25a; note the occurrence here of rare 
D-amino acids). These units are extensively cross-linked to give an enormous 
single macromolecule which surrounds the entire cell (Fig. 2.255). 

Lysozyme, the enzyme examined in Fig. 2.17, is an effective antibacterial 
agent because it catalyzes hydrolysis of the p-1,4 glycosidic linkage between the 
NAM and NAG components of peptidoglycan. This causes breakdown and re- 
moval of peptidoglycan from the bacterium which results in cell bursting or lysis 
in natural hypotonic solutions. Living bacteria cells without their peptidoglycan 
walls can be maintained in the laboratory in isotonic media. Under these condi- 
tions, lysozyme treatment yields cells which have lost their normal shapes and 
become spherical. These forms are called spheroplasts. If it is known that the cell 
wall is completely removed, the denuded cells are designated protoplasts. 

Lipopolysaccharides (LPS) are important components of the outer portion of 
the outer membrane of gram-negative bacteria. Some of these compounds are 
called endotoxins: they produce powerful toxic effects in animals. LPS toxicity 
is one reason why an infection by E. coli in the bloodstream is extremely 
dangerous. Also, stringent removal of cell envelope endotoxins is a major re- 
quirement in purifying proteins sythesized using genetically engineered E. coli. 

Outer membrane LPS molecules have three different regions: (1) a lipid-A 
component which consists of six unsaturated fatty acid chains, which extend into 
the membrane, joined to a diglucosamine head, (2) a core oligosaccharide region 
containing ten sugars, some of them rare, and (3) an O side chain comprised of 
many repeating tetrasaccharide building blocks. The core region and O side 
chain are extended outward, away from the cell. Thus, it is the external O side 
chains which interact with the immune system of an infected animal. As part of 
their anti-immune system defenses, bacteria can mutate rapidly to change the O 
chain structure. 

This is not yet the end of the story of envelope layers in bacteria. Beyond the 
outer membrane of many species is a capsule or slime layer which consists of 
polysaccharide. In one strain of pneumococci, bacteria that cause pneumonia, the 
capsule is composed of alternating glucose and glucuronate residues. Mutants 
without this polysaccharide capsule are not pathogenic. The capsule polysaccha- 
tide of some bacteria dissolves in the surrounding media. Production of extracell- 
ular polysaccharides is an important commercial Process which is complicated 
considerably by the non-Newtonian flow properties of the medium (see Chap. 8). 
Slime layers also contribute to bacterial flocculation, an important feature in the 
activated sludge wastewater treatment process. 

Turning now to cell envelopes of yeast cells, the cytoplasmic membrane con- 
sists of lipids, protein, and polysaccharide containing mannose. Moving outward 
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Figure 2.25 (a) Structure of the building block for peptidoglycan; (b) schematic illustration of highly 
cross-linked peptidoglycan in the cell wall of Staphlococcus aureus, a gram-positive bacterium (From 


rd A. L. Lehninger, “ Principles of Biochemistry,” p. 293, Worth Publishers, N.Y., 1982.) 
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from this membrane through the periplasmic space toward the cell exterior, we 
find next a cell wall. In baker’s yeast, Saccharomyces cerevisiae, the wall contains 
6 to 8 percent protein including several enzymes, and about 30 percent each, by 
weight, of glucan, D-glucose residues joined with B-1,6 linkages and frequent B-1,3 
cross-links, and mannan, whose D-mannose building blocks are a-1,6 linked with 
a-1,2 branches. Protoplasts of S. cerevisiae may consequently be prepared using a 
glucan hydrolyzing enzyme such as a 1,3 glucanase. This is a common step in 
protocols for introduction of recombinant DNA molecules into yeast hosts. 

The cell walls of yeasts and many molds contain chitin, a macromolecule 
comprised of N-acetyl glucosamine building blocks linked with B-1,4 glycosidic 
bonds. . 


CO 
CH,OH NH 
O 
O—/ OH 
--O—\ OH O--- 
O 
NH CH,OH 
Chitin 


Animal cells, because they normally live in a well-controlled isotonic envi- 
ronment, do not possess cell walls. In their plasma membranes, in addition to 
phospholipids and proteins, we find 2 to 10 percent carbohydrate. These sugar 
components, which are found on the external membrane surface in all mamma- 
lian cells examined to date, are combined with lipids and proteins in the form of 
glycolipids and glycoproteins, respectively. 


2.5.2 Antibodies and Other Glycoproteins 


Proteins with covalently coupled monosaccharides or short oligosaccharide 
chains, the glycoproteins, are found in considerable variety in and around eucary- 
otic cells. Several enzymes such as glucose oxidase produced by the mold As- 
pergillus niger are glycoproteins. Collagen, the biological coaxial cable mentioned 
earlier, consists of glycosylated protein. Some interferons, potent antiviral com- 
pounds, are glycoproteins. In fact, most eucaryotic proteins which are in contact 
with or are Secreted into the cell environment are glycosylated. Several glycopro- 
teins are currently or likely soon will be important commercial products. We 
shall examine their biosynthesis and transport properties in Chaps. 5 and 6. 

Antibodies, primary agents in immunological defenses of vertebrates, are gly- 
coproteins (Fig. 2.26). Cell fusion techniques discussed in Chap. 6 now enable 
production of homogeneous antibody molecules in animals or in bioreactors. 
This important technology signals greater future commercial importance of anti- 
bodies for diagnosis, drug delivery, and bioseparations. Accordingly, it is appro- 
priate to examine briefly the origin, structure, and function of antibodies. 
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Figure 2.26 (a) Schematic diagram of the structure of an immunoglobulin. C and V denote constant 
and variable regions, respectively, while subscripts identify heavy (H) and light (L) chains. Disulfide 
bonds are shown, as is the attachment of carbohydrate groups (CHO) to the -heavy chains. The stem 
region (Fc) and the antigen-binding sites are found at the carboxyl- and amino-termini, respec- 
tively, of the heavy chains. Antigen binding specificity and affinity depend on the variable regions of 
both the heavy and light chains. (b) Diagram of the molecular structure of immunoglobulin G, or 
IgG, an antibody. ( Reprinted by permission from E. W. Silverton, M. A. Navia, and D. R. Davies, Proc. 
Natl. Acad. Sci., vol. 74, p. 5142, 1977.) 
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As part of the vertebrate immune system, B cells, one of two classes of 
lymphoid cells found in the body, differentiate in the presence of a foreign sub- 
stance, virus, or cell (the antigen) to form plasma cells which secrete antibodies. 
These antibodies bind specifically to the antigen and closely related molecules, 
serving to coagulate the invading species for subsequent capture and removal. 

Antibodies are members of a class of proteins called immunoglobulins which 
have the common structural features indicated in Fig. 2.26. The immunoglobulin 
molecule consists of two identical, longer, “heavy” chains linked together by 
disulfide bonds and noncovalent interactions to two identical, shorter, “light” 
chains. For example, in the most common class of immunoglobulins, designated 
IgG, the molecular weights of the light and heavy chains are 23,000 and 53,000, 
respectively. The carboxyl-terminal portion of both types of chains, nearly the 
same for antibodies of one class, is called the constant region. The Fc region, the 
stem of the antibody, is comprised of the carboxyl-terminal ends of the heavy 
chain constant regions. 

The primary differentiation within a class of antibodies occurs at the amino- 
terminal ends of the chains, named the variable regions. The antigen-binding site 
of- the antibody is formed by the variable regions of the light and heavy chains. 
Like enzyme catalytic activities, antigen binding sites in different antibodies may 
differ significantly in their specificity and affinity for antigens. 


2.6 THE HIERARCHY OF CELLULAR ORGANIZATION 


In the previous sections we have reviewed the major smaller biochemicals and 
the biopolymers constructed from them. Although the relationships between 
chemical structure and cellular functions have already been emphasized, it will 
provide a useful perspective to reconsider the dynamic nature and spatial inho- 
mogeneity of the structures within which such functions occur. As viable cells 
grow, the biopolymers of this chapter must be repeatedly synthesized by the cells. 
Usually, the nutrient medium of the cell consists of entities such as sugar, carbon 
dioxide, a few amino acids, water, and some inorganic ions, but typically signifi- 
cant amounts of the biopolymer starting materials are absent. Thus, from these 
simplest of precursors, the cell must synthesize the remainder of the needed 
amino acids, nucleic acids, lipids, proteins, etc. The energy-consuming processes 
inherent in precursor synthesis and biopolymer formation are considered in 
Chap. 5. 

There are many supramolecular assemblies within the cell. We have already 
seen that the cell membrane is a grand collection of a range of molecular varie- 
ties. The ribosomes are a separable combination of several different proteins and 
nucleic acids. In many cases enzymes catalyzing a sequence of chemical reactions 
are maintained in close proximity, presumably to maximize utilization of the 
reaction intermediates. The organelles such as mitochondria and chloroplasts 
represent the final level of organizational sophistication before the cell itself. The 
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Figure 2.27 Ascending order of increasing complexity and organization of the biomolecules described 
in this chapter. (From A. L. Lehninger, “ Biochemistry,” Ist ed., p. 19, Worth Publishers, N.Y. 1970.) 


different levels of complexity, from elemental components to the cell, are pre- 
sented in Fig. 2.27. 

The locations of the various biochemicals of this chapter within a procary- 
otic microorganism are summarized in Fig. 2.28, and the overall chemical com- 
position of E. coli is outlined in Table 2.12. Small molecules like amino acids and 
simple sugars are dispersed throughout the cytoplasm, as are some larger mole- 
cules including certain enzymes and tRNA. Other biopolymers are localized 
within the cell or near a surface such as the cell membrane. 
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Figure 2.28 A schematic diagram of the intestinal bacterium E. coli, showing the location of the 
biomolecules described in this chapter. 


Table 2.12 Composition of a rapidly growing E. coli cell’ 


a i 


Percent of total Average Approximate no. No. of 
Component cell weight mol wt per cell different kinds 
H,O 70 18 4x 10?° 1 
Inorganic ions (Na*. K+, 
Mg?*, Ca?*, Fe?*, CIS, 
PO,*~, SO,?-, etc.) 1 40 2.5 x 108 20 
Carbohydrates and 
precursors 3 150 2 x 108 200 
Amino acids and 
precursors 0.4 120 3 x 10’ 100 
Nucleotides and precursors 0.4 300 1.2 x 10’ 200 
Lipids and precursors - 2 750 2.5 x 107 50 
Other small molecules? 0.2 150 1.5 x 10’ 200 
Proteins 15 40,000 10° 2000- 3000 
Nucleic acids: 
DNA 1 2.5 x 10° 4 1 
RNA 
16S rRNA pik 500,000 3 x 10* 1 
23S rRNA oes 1,000,000 3 x 10* 1 
tRNA tee 25,000 4x 105 40 
mRNA vee 1,000,000 10° 1000 


a fe a 


‘J. D. Watson. Molecular Biology of the Gene, table 3.3, W. A. Benjamin, Inc., New York, 1970. 
* Heme, quinones, breakdown products of food molecules, etc. 
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The ions, nutrients, intermediates, biopolymers and other constituents of the 
cell are linked together through reaction networks (Chaps. 5 and 6). Individual 
reactions within such networks are catalyzed by enzymes under the mild condi- 
tions conducive to maintenance of the native protein forms discussed earlier. 
Membranes, catalyst complexes, and organelles (when present) are assembled 
by the combination of energy-consuming reactions (Chap. 5) and the natural 
(spontaneous) tendency of their constituent molecules to form spatially in- 
homogeneous structures rather than a uniform solute sea. 

Chapters 3 and 4 examine the kinetics of enzyme-catalyzed reactions and 
enzyme applications. Next, Chaps. 5 through 7 consider energy flows and mass 
balances in cellular processes, genetics and the control of cellular reaction net- 
works, and finally mathematical representations of cell-population kinetics. This 
collection is the prelude to biochemical-reactor analysis, a major theme of the 
balance of the text. 


PROBLEMS 


2.1 Chemical structure (a) Write down the specific or general chemical structure, as appropriate, for 
the following substances, Comment on the (possible) functional importance of various groups on the 
molecule. 


1. Fat, phospholipid, micelle, vitamin A 

2. o(+)-glucose, pyranose, lactose, starch, amylopectin, cellulose 

3. Ribonucleotide, adenosine monophosphate (AMP), adenosine triphosphate (ATP), nicotinamide 
adenine dinucleotide (NAD), deoxyribonucleic acid (DNA) 

4. Amino acid, lysine, tripeptide, protein 

5. Globular and fibrous proteins 


(b) Sketch the hierarchy of protein configuration and indicate the important features of each level of 
protein configuration (primary through quaternary). 

2.2 Spectrophotometry Measurements of the amount of light of a specific wavelength absorbed by a 
liquid solution are conducted with a spectrophotometer, an instrument of basic importance in bio- 
chemical analyses. Spectrophotometric measurements are used to determine solute concentrations 


„and to identify solutes through their absorption spectra. Interpretation of the former class of spectro- 


photometric data is based on the Beer-Lambert law 


Io 
A = log — = a,,bc 
i I 
where A = absorbancy, or optical density (OD) 
Io = intensity of incident light 
I = intensity of transmitted light 
âm = molar extinction coefficient 
b = path length 
c = molar concentration of solute 


Usually the incident-light wavelength is adjusted to the value Ama, at which the solute of interest 
absorbs most strongly. Table 2P2.1 gives 4,,,, values for a few substances of biological interest and 
the corresponding molar extinction coefficients (for 1-cm light path and pH 7). Additional data are 
available in handbooks; notice that many of the Amas values lie in the ultraviolet range. 
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Table 2P2.1 
a, x 1073, 
Compound Amex» NM L/(cm-mol) 
Tryptophan 218 33.5 z 
ATP 259 ` 15.4 
NAD+ 259 18 
Riboflavin 260 37 
NADH 339 6.22 
FAD 450 11.3 


(a) An ATP solution in a 1-cm cuvette transmits 70 percent of the incident light at 259 nm. 
Calculate the concentration of ATP. What is the optical density of a 5 x 1075 M ATP solution? 

(b) Suppose two compounds A and B have the molar extinction coefficients given in Table 
2P2.2. If a solution containing both A and B has an OD (1-cm cuvette) of 0.35 at 340 nm and an OD 
of 0.220 at 410 nm, calculate the A and B concentrations. 


Table 2P2.2 
Wavelength, mu A, L/(cm- mol) B, L/(cm-mol) 


340 14,000 7100 
410 2,900 6600 


2.3 Molecular weights Sedimentation and diffusion measurements are often used to provide molec- 
ular-weight estimates based on the Svedberg equation 


RTs 


M = Graph 


where R = gas constant 
T = absolute temperature 
s = sedimentation coefficient, s 
2 = diffusion coefficient, cm?/s 
v = partial specific volume of substance, cm3/g 
p = solution density, g/cm? 


ee 


aS nA E 


Verify the molecular weights of the substances in Table 2P3.1 (T = 20°C). Assume p = 1.0. 


Scene 
aed 


shpat. ti) 


Table 2P3.1 

Substance sx10?% 2x10 ¥ M ? 
Lysozyme 1.91 11.2 0.703 14,400 - 
Fibrinogen 7.9 2.02 0.706 330,000 i E 
Bushy stunt virus 132 1.15 0.74 10,700,000 | 
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2.4 pH and buffering capacity of polymer (a) Calculate the pH of a 0.2M solution of 
serine; serine- HCI; potassium serinate. 

(b) Sketch the titration profile for addition of the strong base KOH to the serine- HCI solution; 
use scales of pH vs. moles KOH added per mole serine. 

(c) Repeat part (a) for the polypeptides serine,, serinezo, and serine, oo for sanutions of the same 

weight percent solute as 0.2 M serine: HCI. Assume the dissociation constant is independent of the 
degree of polymerization. 

(d) Repeat part (c) for lysine- HCI, assuming that protonation of the amino NH, has an associa- 
tion equilibrium constant K,, = 8.91 x 1076 L/mol and the side-chain amino acid an association 
constant of-2.95 x 107!! L/mol. 

(e) Estimate the pH of a 1 wt% solution of cellulose. Repeat for starch (take molecular weight 
to be very large. > 10°). What influence do storage polymers in general have on cell pH? 


2.5 Amino acid separations (a) Answer the following statements true or false; justify your responses: 
1. The pK of a simple amino acid is given by 
pI = pK coon + PKnn) 


2. Amino acids are neutral between pK coon and pKyy,- 

(b) In amino acid chromatography, useful chromatographic media are sulfonic acid derivatives 
of polystyrene. The basic components of amino acids interact with the negative sulfonic acid groups, 
and the hydrophobic portions interact favorably with the aromatic structure of the polymer. At pH 
values of 3, 7, and 10, give the (approximate) sequence of amino acids which would elute (appear in 
order) from a column containing: 


1. Only sulfonic acid groups on inert support 
2. Only polystyrene 
3. Equal quantities of accessible sulfonic acid and polystyrene 


(c) On the same chromatography matrices as in part (b) above, would you expect hydrophobic 
or hydrophilic interactions to be relatively more important in separating mixtures of polypeptides? Of 
proteins? 

2.6 Macromolecular physical chemistry From your own knowledge, a chemistry text, etc., describe 
the general reactions and/or physical conformation changes involved in: 

(a) Frying an egg, burning toast, curdling milk, setting Jell-O, blowing a soap bubble, crystalliz- 
ing a protein, tanning of leather, whipping meringue. 

(b) In the development of substitute foods from microbial or other sources, e.g., single-cell 
protein, soyburgers, texture and rheology (flow response to stress) are clearly important parameters. 
Outline how you would organize a synthetic-food testing laboratory. (What backgrounds would you 
look for in personnel; what kinds of tests would you organize?) 

2.7 Mass balances: stoichiometry The major elemental demands of a growing cell are carbon, oxygen, 
hydrogen, and nitrogen. Assuming the carbon source to be characterized by (CH,O) and nitrogen by 
NH,,* 


1CH,O + BNH,* + čO, ———— > C,H,O.N, + nCO, + yH,0 
New cellular 
material 
(a) Write down the restriction among the coefficients «, $, ... from consideration of elemental 
conservation. Given the “composition” of a cell, what additional information is needed to solve for 
the coefficient values? 
(b) Repeat part (a) for photosynthetic systems: 


aCO, + BNH,* + yH,O ———> C.H,O.N, + 0; 


(c) Describe an explicit series of experiments by which you would evaluate the stoichiometric 
formula of the cell (a, b, c, d). 
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2.8 Stoichiometry: aerobic vs. anaerobic species In order to calculate conveniently nutrient consump- 
tion, aeration, and heat-transfer rates (Chaps. 5, 8), a general stoichiometric equation can be formu- 
lated by assigning to the cell an apparent molecular formula. 

(a) Calculate the cell formula for the growth of yeast on sugar when it is observed to give the 
following balance (assume 1 mol of cell is produced): 


100 B C.H,20, + 5.1 g NH, + 46.63 g O, = 
43.23 g cell mass + 41.08 g H,O + 67.42 g CO, 


. (b) If the above reaction produces 0.30017 “mol” of cell, what cell formula results? 
(c) Anaerobic fermentations typically produce a variety of partially oxygenated compounds in 
addition to cell mass. Keeping the cell “molecular formula” of part (b) above, calculate the unknown 

coefficients for the following typical equation (coefficients are mole quantities, not mass): 


0.55556 glucose + x ammonia 
— B cell mass 
+ 0.05697 glycerol 
+ y butanol, (a typical alcoholic product) 
+ £ succinic acid, (a typical acid product) 
+ 0.01164 water + 1.03076 carbon dioxide 
+ 1.00380 ethanol 


Kinetically, the rates of processes (a) and (c) can conveniently be controlled by changing the aeration 
rate, giving yeast and ethanol at any intermediate desired level (Vienna process) (J. B. Harrison, Adv. 
Ind. Microbiol., 10, 129, 1971). 

2.9 Plasma and bilayer lipid membranes Tien summarized certain properties of natural and bilayer 
lipid membranes as shown in Table 2P9.1. 


Table 2P9.1! 


Natural Lipid 
membranes bilayers 
Thickness, A: 
Electron microscopy 40-130 60-90 
X-ray diffraction 40-85 
Optical methods  —_—----- == 40-80 
Capacitance technique 30-150 40-130 
Resistance, Q-cm? 102-105 10°-10° 
Breakdown voltage 100 100-550 


Capacitance, pF/cm? 0.5-1.3 0.4-1.3 


t H. T. Tien, Bilayer Lipid Membranes: An Experi- 
mental Model for Biological Membranes, in M. L. 
Hair (ed.), Chemistry of Biosurfaces, vol. 1, p. 239, 
Marcel Dekker, New York, 1971. 


(a) Why do these membranes have a common range of thicknesses? (Be as specific as possible.) 

(b) What cell functions are (possibly) served by membrane resistance and capacitance? 

(c) Compare the breakdown field of the order of 1 wae with the ionization potential per length 
of any C,, or higher hydrocarbon. Comment. 
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2.10 Concerted-transition model for hemoglobin O, binding The concerted-transition model envisions 
an inactive form of protein T, in equilibrium with an active form Ro: 


Ro To equilibrium constant L 


In turn, the active form, which iz the case of hemoglobin has four subunits, may bind one molecule of 
substrate S per subunit: 


R +S R +S R +S R +S R 
0 = 1 Z3 2 = 3 = 4 


Let Kps denote the dissociation constant for S binding in each step above 
K [S][unbound sites] 

PS bound sites] _ 
and evaluate the ratio 


concentration of S-occupied subunits 


total subunit concentration 


in terms of s/K ps and L. Plot y vs. s/K ps for L = 9000. Look up a graph of hemoglobin-bound O, vs. 
O, partial pressure in a biochemistry text, and compare it with your plot. Read further in the 
reference you have found about cooperative phenomena in biochemistry. 


2.11 Multiunit enzymes: mistake frequency Multiunit proteins, €.g., some allosteric enzymes, may 
seem to be more complicated structures than single-chain proteins, yet the percentage of mistakes in 
the final structures may be fewer. 

(a) Consider the synthesis of two proteins, each with 850 amino acid residues. One is a single 
chain; the second is a three-unit structure of 200, 300, and 350 residues. If the probability of error is 
the same for each residue and is equal to 5 x 1079 per residue, evaluate the fraction of complete 
structures with one or more errors when the presence of two mistakes in any chain prevents it from 
achieving (or being incorporated in) an active structure. 

Convincing as part (a) may be, it has also been observed that (1) small portions of some 
enzymes may be removed without loss of activity and that (2) the same function may be accom- 
plished by a considerable variety of protein sequences (see, for example, different cytochrome c 
structures on p. 136 of A. L. Lehninger, Principles of Biochemistry, Worth Publishers, Inc., New York, 
1982.) What other function may be served in the cell by these replaceable or removable residues? 
(Look back at the internal cell structure.) 


2.12 Mass flows Analysis of correct mass and energy balances in cellular processes requires a careful 
appreciation of the sequence of cellular chemical events in time and in space. (More detailed examples 
of various metabolic paths appear in subsequent chapters.) For the major biopolymer and higher 
structures of this chapter, form composite sketches of F igs. 2.27 and 2.28 which follow, by arrows, the 
time-space movement involved in cell-material synthesis from precursors, for example, O,, H,O, 
NH,” and glucose. Comment where appropriate on the (lack of) restriction in space for particular 
species. 

2.13 Fitness of biochemicals This chapter has surveyed the major existing biochemicals and bio- 
polymers in microbial Systems. For an interesting account of why these particular biochemicals may 
have arisen, given the history of the earth’s development, read Ref. [12]. Summarize Blum’s major 
arguments relating to the fitness of water, glucose, and ATP for their biological roles. 


2.14 Gram staining The Gram stain is the most widely used staining procedure in bacteriology. 
Transcribe from a manual of microbiology a standard Gram-staining technique. Discuss both basic 
aspects of the stain procedure and the mechanism of the Gram teaction. 


2.15 Intracellular concentrations Calculate the molar concentrations of DNA, the different RNA 
forms, amino acids and Precursors, and lipids and precursors in a single cell of E. coli. Estimate the 
total molar concentration in E. coli, and comment on the applicability of ideal, dilute solution ther- 
modynamics to the E. coli cytoplasm. 
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2.16 Enzyme structure The three catalytic groups in the 307 amino acid enzyme carboxypeptidase 
are arginine 145, tyrosine 248, and glutamic acid 270 (numbers denote position relative to the amino- 
terminal residue). Calculate the relative positions of these three residues assuming that the molecule 
has only straight, a-helix structure. What structural alternatives are used in the real molecule to bring 
these three residues together, within a few tenths of a nanometer, to effect catalysis? 


2.17 Protein folding thermodynamics Consider a partially folded protein in aqueous phase which 
contains an unfolded sequence with Ser, Thr, Asn, and two nonpolar residues. For each of the three 
scenarios below, estimate AG (kcal/mol protein molecules) and determine in which situations folding 
will take place. 

(a) All polar groups in the sequence form hydrogen bonds. 

(b) All but the side-chain polar groups in the sequence form internal hydrogen bonds. 

(c) No polar groups in the sequence form internal hydrogen bonds. 
Assume that (i) folding of a hydrophobic residue from neutral pH aqueous medium to nonpolar 
protein interior gives AG ~ —4 kcal/mol residue and (ii) AG ~ —5 kcal/mol polar groups for hydro- 
gen bond formation between any two unbonded polar groups. Remember that unfolded residues may 
hydrogen bond with water. 
2.18 Protein sequencing Selective hydrolyses of protein chains gives fragments whose sequences can 
sometimes be used to deduce the amino acid sequence of the parent protein. The following table lists 
agents which hydrolyze specific peptide bonds. 


Peptide bond: 
HOH 
ae aus 
: R, O H 

Table 2P18.1 
Agent R, required R, required 
Trypsin Lys, Arg Any 
Chymotrypsin Phe, Trp, Tyr Any 
Pepsin Any Phe, Trp, Try, Leu, Asp, Glu 
Cyanogen bromide Met Any 


An important adjunct in sequencing studies is the Sanger reaction, in which 1-fluoro-2, 4-dinitroben- 
zene (FDNB) reacts with the NH,-terminal amino acid residue to give the corresponding DNP- 
amino acid. 

For the experimental data listed below for the A chain of beef insulin, deduce its primary 
structure. 


Table 2P18.2 


Treatment Result 


Partial acid hydrolysis Peptide fragments with the following sequences: Gly-Ile-Val-Glu-Glu, 
Glu-Glu-Cys, Glu-Asp-Tyr, Ser-Val-Cys, Ser-Leu-Tyr, Glu-Cys-Cys, Glu- 
Leu-Glu, Cys-Asp, Leu-Tyr-Glu, Cys-Cys-Ala, Tyr-Cys 


Pepsin A peptide which when hydrolyzed gave fragments Ser-Val-Cys, Ser-Leu 
Sanger reaction DNP-glycine 


Analysis to determine PEA 
terminal —COOH 
group Aspartate 
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THE KINETICS OF 
ENZYME-CATALYZED REACTIONS 


In the previous chapter we learned that there are many chemical compounds 
within the cell. How are they manufactured and combined at sufficient reaction 
rates under relatively mild temperatures and pressures? How does the cell select 
exactly which reactants will be combined and which molecules will be decom- 
posed? The answer is catalysis by enzymes, which, as we already know, are- 
globular proteins. 

A breakthrough in enzymology occurred in 1897 when Biichner first ex- 
tracted active enzymes from living cells. Biichner’s work provided two major 
contributions: first, it showed that catalysts at work in a living organism could 
also function completely independently of any life process. As we shall explore in 
the next chapter, isolated enzymes enjoy a wide spectrum of applications today. 
Also, efforts to isolate and purify individual enzymes were initiated by Büchner’s 
discoveries. The first successful isolation of a pure enzyme was achieved in 1926 
by Sumner. Studies of the isolated enzyme revealed it to be protein, a property 
now well established for enzymes in general. 

Since Sumner’s time the number of known enzymes has increased rapidly, 
and the current total is well in excess of 1500. Based upon the known genetic 
content of even simple organisms like the E. coli bacterium, it is likely that many 
new enzymes will be identified and characterized in the future. For example, the 
_ single DNA molecule which comprises the E. coli chromosome contains enough 


information to code for 3000 to 4500 different proteins. 
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Since we shall have an occasion to mention several enzymes in this chapter 
and later, a few words on enzyme nomenclature are in order. Unfortunately, 
there is no scheme which is consistently applied to all enzymes. In most cases, 
however, enzyme nomenclature derives from what the enzyme does rather than 
what the enzyme is: the suffix -ase is added either to the substrate name (urease is 
the enzyme which catalyzes urea decomposition) or to the reaction which is 
catalyzed (alcohol dehydrogenase catalyzes the oxidative dehydrogenation of an 
alcohol). Exceptions to this nomenclature system are long familiar enzymes such 


Table 3.1 Enzyme Commission classification system for 
enzymes (class names, Enzyme Commission type 
numbers, and type of reactions catalyzed)’ 


1. Oxidoreductases 4. Lyases 
(oxidation-reduction reactions) (addition to double bonds) 
| 
1.1 Acting on —CH—OH 4} pe ee 
| 
1.2 Acting on —C=O 42 pats 


1.3 Acting on —CH=CH— 


| 

1.4 Acting on —CH—NH, s-seb seen eens 
| 5. Isomerases 

1.5 Acting on —CH—NH— (isomerization reactions) 


i 5.1 Racemases 
1.6 Acting on NADH; 
NADPH 6 


. Ligases 
a (fo tion of bonds 
2. Transferases l with ATP cleavage) 
(transfer of functional groups) 6.1 C—0 
2.1 One-carbon groups E S 
P srar i 6.2 C—S 
.2 Aldehydic or ketonic 6.3 C—N 
groups 6.4 C—C 


2.3 Acyl groups 
2.4 Glycosyl groups 


2.7 Phosphate groups 

2.8 S-containing groups 
3. Hydrolases 

(hydrolysis reactions) 

3.1 Esters 

3.2 Glycosidic bonds 

3.4 Peptide bonds 

3.5 Other C—N bonds 

3.6 Acid anhydrides 


tA. L. Lehninger, Biochemistry, 2d ed., table 8-1, Worth Pub- 
lishers, Inc., New York, 1975. 
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as pepsin and trypsin in the human digestive tract, rennin (used in cheese mak- 
ing), and the “old yellow” enzyme, which causes browning of sliced apples. 

There are six major classes of reactions which enzymes catalyze. These units 
form the basis for the Enzyme Commission (EC) system for classifying and as- 
signing index numbers to all enzymes (Table 3.1). Although the common enzyme 
nomenclature established by past use and tradition is often employed instead of 
the “official” names, the EC system provides a convenient tabulation and organi- 
zation of the variety of functions served by enzymes. 

To be sure there is no confusion, let us remember what a catalyst is. A 
catalyst is a substance which increases the rate of a chemical reaction without 
undergoing a permanent chemical change. While a catalyst influences the rate of 
a chemical reaction, it does not affect reaction equilibrium (Fig. 3.1). Equilibrium 
concentrations can be calculated using only the thermodynamic properties of the 
substrates (remember that substrate is the biochemist’s term for what we usually 
call a reactant) and products. Reaction kinetics, however, involve molecular 


Uncatalyzed reaction Catalyzed reaction 


Activation energy 
is high 


Glucose 


Glucose 
1-phosphate 


\-phosphate Activation energy 


is low 


Standard free energy 
change of reaction 


AG° = -1.75 kcal 


AG° = —1.75 kcal 
Glucose 


6-phosphate 


Glucose 
6-phosphate 


Activation 
energy is low 


saad a a 


Activation 
energy is high 


Minimum energy 
required to react 
Minimum energy 
required to react 


Mean 
energy 
content 


Mean 
energy 
content 


Number of molecules 


—— 


—_—-_—_——> All these molecules are “hot” 
Energy content enough to react. Therefore 
per molecule rate of reaction is high. 


Only these molecules are “hot” 
enough to react and the reaction 
rate is therefore low. 


Energy content 
per molecule 


Figure 3.1 By lowering the activation.energy for reaction, a catalyst makes it possible for substrate 
molecules with smaller internal energies to react. (Reprinted with permission from A. L. Lehninger, 
“ Bioenergetics,” 2d ed. p. 35, W. A. Benjamin, Inc., Menlo Park, CA, 1971.) 
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dynamics and are presently impossible to predict accurately without experi- 
mental data. 

For design and analysis of a reacting system, we must have a mathematical 
formula which gives the reaction rate (moles reacted per unit time per unit vol- 
ume) in terms of composition, temperature, and pressure of the reation mixture. 
If you have studied catalyzed reactions before, you have seen a strategy for 
obtaining a reasonable reaction rate expression. First, an educated guess is made 
about the elementary reactions which occur at the molecular scale. Then, invok- 
ing certain approximations concerning the dynamics of one or more reactive 
intermediates, an expression for the overall reaction rate is derived by some 
simple mathematical manipulations. We shall follow precisely this approach in 
this chapter’s quest for rate expressions for enzyme-catalyzed reactions. 

The similarities between synthetic catalysts and enzymes go beyond the use 
of a common technique for modeling reaction kinetics. The rate expressions even- 
tually obtained for both types of catalysts are very similar and sometimes of 
identical forms. This arises because, in.both cases, it is known that the reacting 
molecules form some sort of complex with the catalyst. This. general phenomenon 
in catalysis accounts for such similarity in rate expressions. We shall have more 
to say on this shortly. 

Although some have already been mentioned, it is important that we remem- 
ber the differences between enzymes and synthetic catalysts. Most synthetic cata- 
lysts are not specific; i.e. they will catalyze similar reactions involving many 
different kinds of reactants. While some enzymes are not very specific, many will 
catalyze only one reaction involving only certain substrates. Usually the degree 
of specificity of an enzyme is related to its biological role. Obviously it is not 
desirable for an enzyme with the task of hydrolyzing proteins into smaller pep- 
tides and amino acids to be highly specific. On the other hand, an enzyme cata- 
lyzing an isomerization of one particular compound must be very discriminating. 
As mentioned earlier in Sec. 2.4.4, enzyme specificity is thought :o be a conse- 
quence of its elaborate three-dimensional conformation which allows formation 
of the active site responsible for the catalytic ability of the enzyme. 

Another distinguishing characteristic of enzymes is their frequent need for 
cofactors. A cofactor is a nonprotein compound which combines with an other- 
wise inactive protein (the apoenzyme) to give a catalytically active complex. 
While this complex is often called a holoenzyme by biochemists, we shall often 
simply call it an enzyme. Two distinct varieties of cofactors exist. The simplest 
cofactors are metal ions (Table 3.2). On the other hand, a complex organic mole- 
cule called a coenzyme may serve as a cofactor. We have already encountered the 
coenzymes NAD, FAD, and coenzyme A (CoA) in the last chapter, and ATP 
serves as a cofactor in some instances. Often these cofactors are bound relatively 
loosely to the enzyme, and there is equilibrium between enzyme, apoenzyme, and 
cofactor. In the strict sense of the word, tightly bound nonprotein structures such 
as the heme group found in cytochrome c are coenzymes. However, the name 
prosthetic group, introduced previously, is usually reserved for such irreversibly 
attached groups. | 
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Table 3.2 Some enzymes containing or requiring metal ions as 
cofactors 


Ca?t a-Amylase (swine pancreas) 
Collagenase 
Lipase - 
Micrococcal nuclease 
Co?* Glucose isomerase (Bacillus coagulans) (also requires 
Mg?*) 
Cu? *(Cu*) Galactose oxidase 
Tryosinase 
Fe?* or Fe?* Catalase 
l Cytochromes 
Peroxidase 
Mg?* Deoxyribonuclease (bovine pancreas) 
Mn?* Arginase 
Nat Plasma membrane ATPase (also requires K* and Mg?*) 
Zine Alcohol dehydrogenase 
Alkaline phosphatase 
Carboxypeptidase 


The listing of enzymes in Table 3.2 introduces a very important point that 
will recur frequently in our considerations of enzyme production and application. 
Notice in some of the listings that a particular enzyme source is mentioned—for 
example, glucose isomerase from the bacterium Bacillus coagulans requires a co- 
balt cofactor for maximum activity. Specification of the source is essential in 
many cases to define sufficiently the particular enzyme being discussed. Other 
organisms, for example, synthesize enzymes that also catalyze the isomerization 
of glucose to fructose and hence are called also glucose isomerases. Enzymes with 
the same name but obtained from different organisms often have different amino acid 
sequences and hence different properties and catalytic activities. While the glucose 
isomerase from B. coagulans requires Co?*, the glucose isomerase from a mutant 
of this organism does not require cobalt at pH greater than 8. We must be aware 
that an enzyme name by itself may not specify a particular protein with a corre- 
sponding particular set of catalytic properties and process requirements. Com- 
plete identification of the source organism eliminates this possible ambiguity. 

Both synthetic and biological catalysts can gradually lose activity as they 
participate in chemical reactions. However, enzymes are in general far more fra- 
gile. While. their complicated, contorted shapes in space often endow enzymes 
with unusual specificity and activity, it is relatively easy to disturb the native 
conformation and destroy the enzyme’s catalytic properties. We will examine 
different modes of enzyme deactivation and their kinetic representation in 
Sec. 3.7. 

It is often asserted that enzymes are more active, i.e., allow reactions to go 
faster, than nonbiological catalysts. A common measure of activity is the turnover 
number, which is the net number of substrate molecules reacted per catalyst site 
per unit time. To permit some comparison of relative activities, turnover numbers 
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Table 3.3 Some turnover numbers for enzyme- and solid-catalyzed reactions 
N = molecules per site per second’ 


Range of reported 


Enzyme Reaction N values at 0-37°C 
Ribonuclease Transfer phosphate of a polynucleotide 2-2 x 103 
Trypsin Hydrolysis of peptides 3x 1073-1 x 10? 
Papain Hydrolysis of peptides 8 x 1077-1 x 10t 
Bromelain Hydrolysis of peptides 4 x 1073-5 x 107! 
Carbonic anhydrase Reversible hydration of carbonyl compounds 8 x 1071-6 x 10° 
Fumarate hydratase L-Malate = fumarate + H,O 1 x 10° (forward) 


3 x 10% (reverse) 


Solid catalyst Reaction N Temp., °C 
SiO,-Al,O, (impregnated) Cumene cracking 3x 1078 25 
2 x 104 420 
Decationized zeolite Cumene cracking ~ 103 25 
 ~108 325 
V20; Cyclohexene dehydrogenation 7x107}! 25 
10? 350 
Treated Cu,Au HCO,H dehydrogenation 2 x 10’ 25 
3 x 10'° 327 
AICI,-Al,0, n-Hexane isomerization (liquid) 1 x 107? 25 
1.5 x 107? 60 


tR. W. Maatman, “Enzyme and Solid Catalyst Efficiencies and Solid Catalyst Site Densities,” 
Catal. Rev., 8: 1, 1973. 


for several reactions are listed in Table 3.3, which shows that at the ambient 
temperatures where enzymes are most active they are able to catalyze reactions 
faster than the majority of artificial catalysts. When the reaction temperature is 
increased, however, solid catalysts may become as active as enzymes. Unfor- 
tunately, enzyme activity does not increase continuously as the temperature is 
raised. Instead, the enzyme usually loses activity at quite a low temperature, 
often only slightly above that at which it is typically found. 

A unique aspect of enzyme catalysis is its susceptibility to control by small 
molecules. Several enzymes are “turned off” by the presence of another chemical 
compound, often the end product of a sequence of reactions in which the regu- 
lated enzyme participates. This feature of some enzymes is essential for normal 
cell function. Some aspects of the kinetics of such enzymes will be explored in 
Sec. 3.5, and in Chap. 6 we shall learn how altering the normal channels of 

„cellular control can improve industrial biological processes tremendously. 

Before beginning our efforts to model the kinetics of enzyme-catalyzed reac- 
tions, we must review the available experimentat evidence on molecular events 
which actually occur during reaction. With this foundation, we shall be able to 
make reasonable hypotheses about the reaction sequence and apply them to 
derive useful reaction rate expressions. 
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3.1 THE ENZYME-SUBSTRATE COMPLEX 
AND ENZYME ACTION | 


There is no single theory currently available which accounts for the unusual 
specificity and activity of enzyme Catalysis. However, there are a number of plau- 
sible ideas supported by experimental evidence for a few specific enzymes. Proba- 
bly, then, all or some collection of these phenomena acting together combine to 
give enzymes their special properties. In this section we shall outline some of 
these concepts. Our review will necessarily be brief, and the interested reader 
should consult the references for further details. Since all the theories mentioned 
here are at best partial successes, we must be wary of attempting to synthesize a 
single theory of enzyme activity. 

Verified by numerous experimental investigations involving such diverse 
techniques as x-ray crystallography, spectroscopy, and electron-spin resonance is 
the existence of a substrate-enzyme complex. The substrate binds to a specific 
region of the enzyme called the active site, where reaction occurs and products 
are released. Binding to create the complex is sometimes due to the type of weak 
attractive forces outlined in Sec. 2.4.3 although covalent attachments are known 
for some cases. As shown schematically in Figs. 2.24 and 3.2, the complex is 
formed when the substrate key joins with the enzyme lock. Especially evident in 
Fig. 3.2 are the hydrogen bonds which form between the substrate and groups 
widely separated in the amino acid chain of the enzyme. 

This example also nicely illustrates the notion of an active site. The protein 
molecule is folded in such a way that a group of reactive amino acid side chains 
in the enzyme presents a very specific site to the substrate. The reactive groups 
encountered in enzymes include the R group of Asp, Cys, Glu, His, Lys, Met, Ser, 
Thr, and the end amino and carboxyl functions. Since the number of such groups 
near the substrate is typically 20 (far less than the total number of amino acid 
residues present), only a small fraction of the enzyme is believed to participate 
directly in the enzyme’s active site. Large enzymes may have more than one 
active site. Many of the remaining amino acids determine the folding along a 
chain of amino acids (secondary structure) and the placement of one part of a 
folded chain next to another (tertiary structure), which help create the active site 
itself (Fig. 3.4). 

While some of the ideas described below are still somewhat controversial, we 
should emphasize that the notions of active sites and the enzyme-substrate com- 
plex are universally accepted and form the starting point for most theories of 
enzyme action. These concepts will also be the cornerstone of our analysis of 
enzyme kinetics. 

Two different aspects of current thinking on enzyme activity are shown sche- 
matically in Fig. 3.3. Enzymes can hold substrates so that their reactive regions 
are close to each other and to the enzyme’s catalytic groups. This feature, which 
quite logically can accelerate a chemical reaction, is known as the proximity 
effect. Consider now that the two substrates are not spherically symmetrical mol- 
ecules. Consequently, reaction will occur only when-the molecules come together 
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Figure 3.2 A view of the active site of lysozyme, showing a hexasaccharide substrate in heavy lines. 
Larger and smaller circles denote oxygen and nitrogen atoms, respectively, and hydrogen bonds are 
indicated by dashed lines. (Reprinted with permission from M. Yudkin and R. Offord, “ A Guidebook to 
Biochemistry,” p. 48, Cambridge University Press, London, 1971). 
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Figure 3.3 An enzyme may accelerate reaction by holding two substrates close to each other (proxi- 
mity effect) and at an advantageous angle (orientation effect). (Reprinted by permission of D. E. 
Koshland.) 


at the proper orientation so that the reactive atoms or groups are in close juxta- 
position. Enzymes are believed to bind substrates in especially favorable posi- 
tions, thereby contributing an orientation effect, which accelerates the rate of 
reaction. Also called orbital steering, this phenomenon has qualitative merit as a 
contributing factor to enzyme catalysis. The quantitative magnitude of its effect, 
however, is still difficult to assess in general. 

Before a brief foray into the chemistry of enzyme action, we should mention 
one other hypothesis related to enzyme geometry. It is known that for some 
enzymes the binding of substrate causes the shape of the enzyme to change 
slightly. Studies of the three-dimensional structure of the enzymes lysozyme and 
carboxypeptidase A with and without substrates have shown a change in enzyme 
conformation upon addition of the substrate. This induced fit of enzyme and 
substrate may add to the catalytic process. There are also more sophisticated 
extensions of the induced-fit model, in which a number of different intermediate 
enzyme-substrate complexes are formed as the reaction progresses. A slightly 
elastic and flexible enzyme molecule would have the ability to make delicate 
adjustments in the position of its catalytic groups to hasten the transformation of 
each intermediate. Since direct measurements of the influence of substrate bind- 
ing on enzyme structure are available only for a few enzymes, it is possible that a 
substrate-induced change in active-site configuration may be a general character- 
istic of enzyme catalysis. 

Catalytic processes well known to the organic chemist also appear to be at 
work in some enzymes. One of these is general acid-base catalysis, where the 
catalyst accepts or donates protons somewhere in the overall catalytic process. In 
one of the few enzymes for which a reasonable complete catalytic sequence is 
proposed (Fig. 3.4), this mode of catalysis is present. Chymotrypsin, derived from 
the pancreas, is a proteolytic (protein-hydrolyzing) enzyme with specificity for 
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peptide bonds where the carbonyl side is a tyrosine, tryptophan, or phenylalanine 
residue. Water is believed to serve as a proton-transfer agent in both the general 
acid- and general base-catalyzed portions of the chymotrypsin mechanism. Sev- 
eral reactions important to cellular chemistry, including carbonyl addition and 
ester hydrolysis, are in principle amenable to general acid-base catelysis. 

Participating in enzyme catalysis may be a number of other phenomena such 
as covalent catalysis, strain, electrostatic catalysis, multifunctional catalysis, and 
solvent effects (recall the oil-drop structure from Chap. 2). Details on these 
mechanisms available in the references reveal that, like the notions reviewed here, 
they are probably involved in some enzyme-catalyzed reactions. From the possi- 
ble involvement of these factors and others, it is not surprising that no one has 
yet devised a simple general scheme for assessing their combined influence and 
relative importance. Fortunately, armed only with the basic idea of an enzyme- 
substrate complex as an essential reaction intermediate, we shall be able to for- 
mulate useful rate expressions for enzyme-catalyzed reactions. 


3.2 SIMPLE ENZYME KINETICS 
WITH ONE AND TWO SUBSTRATES 


Our objective in this section is to develop suitable mathematical expressions for 
the rates of enzyme-catalyzed reactions. Naturally, the crucial test of a reaction 
rate equation is comparison with experimentally determined rates. Since there are 
some pitfalls awaiting the unwary, we should first briefly outline some of the 
experimental methods employed to measure reaction rates. 

Let us be quite clear on what we mean by a reaction rate. If the reaction is 


S —— P 


the reaction rate v, in the quasi-steady state approximation (Sec. 3.2.1), 1s 
defined by 


spn OS ae (3.1) 


where lowercase letters denote molar concentration. The dimensions of v are 
consequently moles per unit volume per unit time. The reaction rate is an inten- 
sive quantity, defined at each point in the reaction mixture. Consequently, the 
rate will vary with position in a mixture if concentrations or other intensive state 
variables change from point to point. In experimental kinetic studies, well-mixed 
reactors are often used so that the reaction rate.is spatially uniform. 

As usual in our engineering modeling work, the term point in the rate defini- 
tion is not used in a strict geometrical sense. Instead, a point is a volume large 
enough to contain many molecules but very small relative to the entire reacting 
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NH, (A) 


Figure 3.4 (a) A proposed reaction sequence for chymotrypsin action on a peptide bond, and (b) 
structure of chymotrypsin. (From A. L. Lehninger, “Biochemistry,” 2d ed., pp. 229, 231. Worth Pub- 
lishers, New York, 1975. Structure redrawn from B. W. Matthews, et al., “ Three-Dimensional Structure 
of Tosyl-a-Chymotrypsin,” Nature, vol. 214, p. 652, 1976.) 


system. It is very important to remember this seemingly minor detail when apply- 
ing engineering analysis to biological systems. Since cells may contain only a few 
molecules of a given compound A,, the concepts of A, concentration and reac- 
tion rate at a point are potentially erroneous idealizations in modeling molecular 
processes of an isolated single cell. We shall return to this theme in our consider- 
ation of cell kinetics in Chap. 7. 

A typical experiment to measure enzyme kinetics (shorthand terminology for 
Kinetics of reactions catalyzed by enzymes) might proceed as follows. At time zero, 
solutions of substrate and of an appropriate purified enzyme are mixed in a well- 
stirred, closed isothermal vessel containing a buffer solution to control pH. The 
substrate and/or product concentrations are monitored at various later times. 
Techniques for following the time course of the reaction may include spectropho- 
tometric, manometric, electrode, polarimetric, and sampling-analysis methods. 
Typically, only initial-rate data are used. Since the reaction conditions including 
enzyme and substrate concentrations are known best at time zero, the initial 
slope of the substrate or product concentration vs. time curve is estimated from 
the data: sa 


dp 
dt 


_ ds 


— — = 0 
t=0 dt 


t=0 


where e = eo, S = Sọ, and p = 0 (3.2) 
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Figure 3.5 Batch reactor data for hydrolysis of 30 percent starch by glucoamylase (60°C, ep = 11,600 
units, reactor volume = 1 L). 


Figure 3.5 shows actual data for such an experiment. Notice that some product is 
present initially, indicating that the reported zero reaction time is not the actual 
time when the reaction started. This is one of the inherent difficulties of the 
initial-rate method, and others are described in texts on chemical kinetics. Still, 
initial concentrations as well as enzymatic activity are reasonably reproducible, 
and these considerations favor the initial-rate approach. 

The problem of reproducible enzyme activity is an important one which also 
has serious implications in design of reactors employing isolated enzymes. Since 
we have already mentioned that proteins may denature when removed from their 
native biological surroundings, it should not surprise us that an isolated enzyme 
in a “strange” aqueous environment can gradually lose its catalytic activity (Fig. 
3.6). Although this gradual deactivation is known to occur for many enzymes, the 
phenomenon is scarcely mentioned in many treatments of enzyme kinetics. While 
perhaps not important in vivo (in the intact living organism), where enzyme 
synthesis compensates for any loss of previously active enzymes, enzyme deacti- 
vation in vitro (removed from a living cell) cannot be overlooked in either kinetic 
studies or enzyme reactor engineering. This topic will surface again in Sec. 3.7. 

We see in the caption of Fig. 3.5 another typical feature of much enzyme 
kinetic information. Notice that the amount of enzyme catalyst used in this 
experiment is given in terms of “units.” What are these mysterious units, and why 
isn’t the catalyst quantity stated in more familiar, less ambiguous terms such as 
moles or mass? 
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Figure 3.6 Loss of activity in solution. At 37°C, aspartase in solution loses more than 5 percent of its 
natural activity within 1 h. (Reprinted from T. Tosa et al., “Continuous Production of L-Aspartic Acid 
by Immobilized Asparatase,’ Biotech. Bioeng., vol. 15, p. 68, 1973.) 


Let’s first answer the second part of the question: the reason for not using, 
say, “mass of enzyme” is that this is rarely known for enzyme preparations, most 
of which are (primarily) protein mixtures in which the particular enzyme of inter- 
est is one of several components. The fraction of this preparation which consists 
of the enzyme we are studying is often unknown, however, and the composition 
of this mixture can vary from batch to batch obtained from its manufacturer. To 
circumvent this difficulty, we more often find enzyme content specified in terms of 
units of catalytic activity per mass of the enzyme preparation. 

Units or units of activity designate the amount of enzyme which gives a 
certain amount of catalytic activity under a prescribed set of standard conditions 
for that particular enzyme. For example, in the starch hydrolysis experiment of 
Fig. 3.5, one unit of activity of glucoamylase is defined as the amount of enzyme 
which produces 1 umol of glucose per minute in a 4% solution of Lintner starch 
at pH 4.5 and 60°C. Thus, we can see that units of activity will be defined 
differently for different enzymes, and may have different definitions for the same 
enzyme studied in different contexts. Obvious pitfalls lurk here for anyone who 
does not carefully check the definition of activity units when interpreting or 
utilizing enzyme kinetic data. Greater clarity is possible, of course, when activity 
data is available for highly purified enzyme. 
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3.2.1 Michaelis-Menten Kinetics 


Now let us suppose that armed with a good set of experimental rate data (Fig. 
3.7) we face the task of representing it mathematically. From information of the 
type shown in Fig. 3.7, the following qualitative features often emerge: 

1. The rate of reaction is first order in concentration of substrate at relatively 
low values of concentration. [Recall that if v = (const)(s"), n is the order of 
the reaction rate.] 

2. As the substrate concentration is continually increased, the reaction order in 
substrate diminishes continuously from one to zero. 

3. The rate of reaction is proportional to the total amount of enzyme present. 


Henri observed this behavior, and in 1902 propsed the rate equation 
Umax 5 


SAS where Vmax = Xeo (3.3) 


which exhibits all three features listed above. Notice that yp = Umax/2 When s is 
equal to K,,. To avoid confusion of. the type found in some of the literature, we 
should strongly emphasize that s is the concentration of free substrate in the 
reaction mixure, while e is the concentration of the total amount of enzyme 
present in both the free and combined forms (see below). 

Although Henri provided a theoretical explanation for Eq. (3.3) using a hy- 
pothesized reaction mechanism, his derivation and the similar one offered in 1913 
by Michaelis and Menten are now recognized as not rigorous in general. How- 


_ ever, the general methodology of the Michaelis-Menten treatment will find re- 


` peated useful (although still not generally rigorously justified) application in 


` derivation of more complicated kinetic models later in this chapter. Consequent- 


ly, we shall provide a brief summary of their development before proceeding to 
others. 

As a starting point, it is assumed that the enzyme E and substrate S combine 
to form a complex ES, which then dissociates into product P and free (or uncom- 
bined) enzyme E: 


k, 

S+E == ES (3.4a) 
k 

ES —> PE | (3.4b) 


This mechanism includes the intermediate complex discussed above, as well as 
regeneration of catalyst in its original form upon completion of the reaction 
sequence. While perhaps considerably oversimplified, Eqs. (3.4) are certainly 
reasonable. 

Henri and Michaelis and Menten assumed . that reaction (3.4a) is in 
equilibrium which, in conjunction with the mass-action law for the kinetics of 
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Figure 3.7 Kinetic data for en- 
zyme-catalyzed reactions. (a) En- 
zyme concentration is held 
constant when studying sub- 
strate concentration dependence; 
(b) the converse holds for investi- 
gation on the influence of en- 
zyme concentration. /(a) Re- 
printed from K. J. Laidler, “The 
Chemical Kinetics of Enzyme Ac- 
tion,” p. 64, The Clarendon Press, 
Oxford, 1958, Data of L. Oullet, 
K. J. Laidler, M. F. Morales, 
“Molecular Kinetics of Muscle 
Adenosine Triphosphate,” Arch. 
Biochem. Biophys., vol. 39, p. 37, 
1942; (b) Reprinted by permis- 
sion from M. Dixon and E. C. 
Webb, “Enzymes,” 2d ed., p. 55, 
Academic Press, Inc., New York, 
1964.] 
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molecular events, gives 
— =-——= K,, = dissociation constant (3.5) 


Here, s, e, and (es) denote the concentrations of S, E and ES, respectively. De- 
composition of the complex to product and free enzyme is assumed irreversible: 


dp 


oT ae 


= k,(es) (3.6) 


Since all enzyme present is either free or complexed, we also have 
e + (es) = eo ; (3.7) 


where e, is the total concentration of enzyme in the system. This is known from 
the amount of enzyme initially charged into the reactor. Equation (3.3) with Vmax 
equal to k,eọ can now be obtained by eliminating (es) and e from the three 
previous equations. We should note here that a reaction described by Eq. (3.3) is 
commonly referred to as having Michaelis-Menten kinetics, although certainly 
other investigators made equal contributions to the development and justifcation 
of this kinetic form. The parameter Vmax is called the maximum or limiting velocity, 
and K,, is known as the Michaelis constant. While the Michaelis-Menten equa- 
tion successfully describes the kinetics of many enzyme-catalyzed reactions, it is 
not universally valid. We shall explore the extensions and modifications neces- 
sary for certain enzymes and reaction conditions in later sections and in the 
problems. 

Briggs and Haldane have provided the derivation of Eq. (3.3) which later 
kinetic studies and mathematical analyses have shown to be the most general. 
For reaction in a well-mixed closed vessel we can write the following mass bal- 
ances for substrate and the ES complex: 


ds 
v= — a k,se — k_,(es) 
and aa = kse — (k_, + k,)(es) 


Using Eq. (3.7) in the previous two equations gives a closed set: two simulta- 
neous ordinary differential equations in two unknowns, s and (es). The appro- 
priate initial conditions are, of course, 


s(0) = So (es)(0) = 0 


These equations cannot be solved analytically but they can be readily inte- 
grated on a computer to find the concentrations of S, E, ES, and P as functions — 
of time. In calculated results illustrated in Fig. 3.8, it is evident that to a good 


approximation 
PP d(es) sD re 


a , (3.8) 
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after a brief start-up period. In the key step in their analysis, Briggs and Haldane 
assumed condition (3.8) to be true. This assumption, commonly called the quasi- 
steady-state approximation, can be proved valid for the present case of enzyme- 
catalyzed reaction in a closed system provided that eo/So is sufficiently small. If 
the initial substrate concentration is not large compared with the total enzyme 
concentration, the assumption may break down. In many instances, however, the 
amount of catalyst present is considerably less than the amount of reactant, so 
that (3.8) is an excellent approximation after start-up. 

Proceeding from Eq. (3.8). as Briggs and Haldane did, it is possible to use 
Eq. (3.7) to eliminate e and (es) from the problem, leaving 


v= -B kes (3.9) 


dt [(k_, +k,/ki] +s 


Consequently, the Michaelis-Menten form results, where Eq. (3.9) shows now 


Umax = ko (3.10) 
and E (3.11) 
ky 


Notice that K,, no longer can be interpreted physically as a dissociation constant. 
With the Michaelis-Menten rate expression at hand, the time course of the 
reaction can now be determined analytically by integrating 


ds — vaas ? 
di = K +s with s(0) = So (3.12) 
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Figure 3.9 Computed time course of batch hydrolysis of acetyl L-phenylalanine ether by chymotryp- 
sin. Considerable discrepancies between the exact solution and the quasi-steady-state solution arise 
when eo/So (=a) is not sufficiently small. (Reprinted by permission from H. C. Lim, “On Kinetic 
Behavior at High Enzyme Concentrations,” Am. Inst. Chem. Eng. J., Vol. 19, p. 659, 1973.) 


to obtain 


Umart = So —-S+ K, In? (3.13) 


Naturally this equation is most easily exploited indirectly by computing the reac- 
tion time £ required to reach various substrate concentrations, rather than vice 
versa. l 

It is instructive to compare the behavior predicted by Eq. (3.13) with that 
obtained without the quasi-steady-state approximation. As Fig. 3.9 reveals, the 
deviation is significant when the total enzyme concentration approaches sọ. Con- 
sequently the Michaelis-Menten equation should not be used in such cases. As 
another example, we show the dependence of esterase activity on enzyme concen- 
tration in Fig. 3.10. The linear dependence predicted by the Michaelis-Menten 
model is followed initially but does not hold for large enzyme concentrations. 
Remember that the slope at the linear portion is equal to k.s/(K,, + $). 

We should consider whether or not the quasi-steady-state approximation can 
be justified in some cases of large eo/Sọ, perhaps with different rate constants. 
This could be done if the ES complex tended to disappear much faster than it 
. was formed, i.e., if K,, were very large relative to sọ. Since the Michaelis constant 
is quite small, with typical values in the range 107? to 1075, this case does not 
arise in many situations. 

Consequently, if the enzyme concentration is comparable to so, we usually 
have no proper justification for simplifying the kinetic model with the quasi- 
steady-state approximation. Situations with relatively large enzyme concen- 
tration can occur in several instances. If an enzyme reactor is operated under 
conditions where most of the substrate is converted, s falls to a value compar- 
able to e and the Michaelis-Menten equation may be inappropriate for the final 
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Figure 3.10 These data on esterase ac- 
200 tivity show deviations from Michaelis- 
Menten kinetics at large values of ini- 
tial enzyme content. (Reprinted by 
100 l permission from M. Frobisher, “ Funda- 

mentals of Microbiology," 8th ed., p. 
100 200 300 400 500 600 700 6l, W. B. Saunders Co., Philadelphia, 
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stages of reaction. Fortunately, the reaction has become slow here, and this situa- 
tion is consequently seldom of interest. Also in the case of enzyme reactions at 
interfaces, which we shall investigate in Sec. 4.4, the substrate concentration in 
the neighborhood of the enzyme may be quite small. Here, the rate of substrate 
transport to the interface must also be considered. Possible pitfalls in the 
Michaelis-Menten model have come to light only very recently, and consequently 
it is still commonly employed for analyzing and designing enzyme reactors. 
Although they lack rigorous justification in some situations, the equilibrium 
assumption and the Michaelis-Menten rate equation have proved to be valuable 
working tools. We shall often employ them in this spirit. 

While on the subject of simple Michaelis-Menten kinetics, we should empha- 
size that exactly the same mathematical form is widely used for expressing the 
rates of many solid-catalyzed reactions. In chemical engineering practice, kinetics 
described by Eq. (3.3) is called Langmuir-Hinshelwood or Hougen- Watson kinetics. 
Since reactions involving synthetic solid catalysts are widespread throughout the 
chemical and petroleum industries, a large effort has been devoted to the design 
and analysis of catalytic reactors. Much of this work has employed Langmuir- 
Hinshelwood kinetics and is therefore directly applicable to enzyme-catalyzed 
reactions described by Michaelis-Menten kinetics. In the remainder of our 
studies, we shall continue to observe analogies, similarities, and identities be- 
tween classical chemical engineering and biochemical technology. Also, of course, 
we shall encounter many novel features of biological processes. 


3.2.2 Evaluation of Parameters in the Michaelis-Menten Equation 


The Michaelis-Menten equation in its original form [Eq. (3.3)] is not wėll suited 
for. estimation of the kinetic parameters Vma, and K,,. As Fig. 3.7 shows, it is quite 
difficult to estimate v,,,, accurately from a plot of v vs. s. By rearranging Eq. (3.3) 
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we can derive the following ephons for data plotting and graphical parameter 
evaluation: 


1 1 Km 1 

S ia + a : (3.14) 
S$. K,, 1 

-=—+ S (3.15) 


(3.16) 


Each equation suggests an appropriate linear plot. In evaluation of the ki- 
netic parameters of the model using such plots, however, several points should be 
noted. Plotting Eq. (3.14) as 1/v vs. 1/s (known as a Lineweaver-Burk plot) cleanly 
separates dependent and independent variables (Fig. 3.11a). The most accurately 
known rate values, near v,,,,, Will tend to be clustered near the origin, while those 
rate values which are least accurately measured will be far from the origin and 
will tend most strongly to determine the slope K,,/vm, Thus, a linear least- 
squares fitting should not be used with such a plot. The second equation, (3.15), 
tends to spread out the data points for higher values of v so that the slope 1/,,,, 
can be determined accurately. The intercept often occurs quite close to the origin, 
so that accurate measure of K,, by this method is subject to large errors. The 
third method uses the Eadie-Hofstee plot: v is graphed against v/s (Fig. 3.110). 
Both coordinates contain the measured variable v, which is subject to the largest 
errors. 
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Figure 3.11 (a) Lineweaver-Burk plot of experimental data for pepsin. (b) Eadie-Hofstee plot of data 
for hydrolysis of methyl hydrocinnamate catalyzed by chymotrypsin. (Reprinted by permission from 
K. J. Laidler, “The Chemical Kinetics of Enzyme Action,” pp. 65-66, The Clarendon Press, Oxford, 
1958.) beat? 
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paramere a Table 3.4 Kinetic parameters for several enzymest 
(3.14) 4 ` l Temp, l ks, IK ms 
4 Enzyme Substrate °C pH st. M`! 
(3.15) T Pepsin Carbobenzoxy-L-glutamyl-L- 31.6 40 0.00108 530. 
ri tyrosine ethyl ester Z 
i Carbobenzoxy-L-glutamyl-L- 316 40 0.00141 560 
(3.16) i ; tyrosine i 
3 E Trypsin Benzoyl-L-argininamide 25.5 78 27.0 “480 
E Chymotrypsinogen 196 7.5 2,900 <770 
n of the ki- $; Sturin 24.5- 75 13100 = 40 
ts should be f Benzoyl-L-arginine ester 25.0 80.. 267 12,500 
plot) cleanly f . Chymotrypsin Methyl hydrocinnamate 250 73 0.026 256. 
t accurately q Methyl di-a-chloro-p- 250 78 0.135 — -83.3 
„while those f phenylpropionate Ry | . 
2 origin and q Methyl d-f-phenyllactate 250 78 0.139 28.6 
: E Methyl-l-8-phenyllactate 25.0 7.8 138. 100 
linear least- ff Benzoyl-L-phenylalanine 250 78 51.0 217 
ation, (3.15), 3 methyl ester , a 
slope 1/Vmax 4 Acetyl-L-tryptophan ethyl - 25.0 7.8 30.7 588 
o the origin, f ester | 
errors. The i Acetyl-L-tyrosine ethyl ester 25.0 7.8 193.0 31.2 
‘ ; 1E Benzoyl-L-o-nitrotyrosine 25.0 78 3.27 90.9 
(Fig. 3.11b). I. ethyl ester l 
o the largest f Benzoyl-L-tyrosine ethyl 250 78 B0 25% 
1 ester l 
į Benzoyl-L-phenylalanine 250 78 37.4 167 
$ ethyl ester 
a | Benzoyl-L-methionine ethyl 250 78 0.77 1,250 
ester : 
Benzoyl-L-tyrosinamide 25.0 78 0.625 23.8 
Acetyl-L-tyrosinamide 25.0 78 0.279 12.3 
Carboxypeptidase  Carbobenzoxyglycyl-L- 250 75 89 196 
tryptophan 25.0 8.2 94 164 
Carbobenzoxyglycyl-L- ` 250 715 > 1Ș8l 154 . 
phenylalanine a 
Carbobenzoxyglycyl-L- 25.0 7.5 10.6 _ 37 
leucine l 
Adenosine ATP 25.0 7.0 104 79,000 
triphosphatase 
20.8 7.1 20,000 250 . 
Urease Urea 
__ {20.8 8.0 30,800 256 
fstee plot of data : te j ` 
> permission from SS oe a a E e a 


m Press, Oxford, * K. J. Laidler, The Chemical Kinetics of Enzyme Action, p. 67, Oxford University Press, London, 


1958. 


These considerations suggest the following strategy for evaluating v., and 
Km: determine Vma, from a plot of Eq. (3.14) (find intercept accurately) or Eq. 
(3.15) (find slope accurately). Then return to a graph of v vs. s and find S42, the 
substrate concentration where v is equal to »,,,,/2. Recalling the comment follow- 
ing Eq. (3.3), we see that K,, is equal in magnitude and dimension to Siz 

It is important to have a feel for the magnitudes of these kinetic parameters. 
Table 3.4 shows the range of values encountered for several different enzymes. 
While k, varies enormously, note that K,, has typical values of 2-10 x 107? M. 
Almost all the experiments reported were performed at moderate temperatures 
and pH values. The exception is pepsin, which has the task of hydrolyzing pro- 
teins in the acid environment of the stomach. Consequently, the enzyme has the 
greatest activity under the acidic conditions employed in the experimental deter- 
mination of its kinetic parameters. Models for representing the effects of pH and 
temperature on enzyme kinetics will be explored in Sec. 3.6. 


3.2.3 Kinetics for Reversible Reactions, 
Two-Substrate Reactions, and Cofactor Activation 


Many reactions catalyzed by enzymes, such as biopolymer hydrolyses, have equi- 
libria that greatly favor the products so that the reactions may be considered 
irreversible under most circumstances. In other cases, such as conversion of glu- 
cose to fructose by the enzyme glucose isomerase, equilibrium conditions are 
frequently approached, necessitating consideration of the reverse reaction. In the 
simplest model for reversible enzyme kinetics, we begin with the model reaction 
sequence 


kı 
S+E a ES (3.17a) 
l k, 
E => P+E (3.17b) 
-2 


which is the same as the Henri/Michaelis-Menten sequence in Eq. (3.4) except 
that now formation of ES complex from product combination with the free 
enzyme E is included in Eq. (3.17). 

Writing the material balances on S, ES, and P in a closed, well-mixed vessel 
as before, taking advantage of the mass balance on different enzyme forms in Eq. 
(3.7), and invoking the quasi-steady-state approximation Eq. (3.8), we readily 
obtain ` 


ds _ dp OJK- (KP ag 


Here, v, and K, are identical to vma, and K,, in Eqs. (3.10) and (3.11), respectively, 
and 
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Umax and The vast majority of enzyme-catalyzed reactions involve at least two sub- 
y) or Eq. strates. In many, however, one of the substrates is water, the concentration of 
1 51/2, the which is essentially constant and typically 1000 or more times larger than the 
nt follow- concentration of the other substrates. As our analysis in this section will reveal, 
u2 in such a case the reaction may be treated as in the preceding section, where S is 
irameters. the only substrate considered. Moreover, the kinetic models developed here can 
enzymes. _ be applied in some instances to explain the influence of cofactors on enzyme 
(1079 M. reaction rates. 
iperatures In many. two-substrate reactions it appears that a ternary complex may be 
izing pro- formed with both substrates attached to the enzyme. One possible sequence in 
1e has the this situation is a 
ital deter- Dissociation 
of pH and equilibrium 
constant . 
E+S, — ES, K, 
E+S, == E9 Kp 93 
ES, +S, == ESS, Ky (3.20) 
ES, +S, == ES,S K 
have equi- aie ute s 
considered ESS, ~~ P+E Da 
ion of glu- so that : 
litions are a! 
ion. Inthe $4. v = k(es;sz). (3.21): 
el reaction = i As before, lowercase symbols are used to denote concentration, and a lowercase ©; 
t symbol in parentheses is the concentation of one species, often a complex. As- | x 
(37a) FE | Seming equilibria in the first four reactions in (3.20) leads to ite 
. | keg ; ` (3 22) 
4 = — A ; 
61%) p 1 4 Ka Ki, AKaKa + K Ka) 
Si 52 5152 
3.4) except & ae PERY ; 
th the free K Derivation of this expression is straightforward so long as we remember that the 
d total concentration of enzyme e, must be equal to the sum of the concentration 
rixed vessel l | of free enzyme e plus the concentrations of the three complexes ES,, ES, and 
rms in Eq. I ES,S,. As for the one-substrate situation, an analysis based on the quasi-steady- 
we readily i state approximation can be undertaken. This leads in the general case to a rather 
; ; unwieldy equation with too many parameters for practical application. For some 
1 parameter values, that equation can be well approximated by Eq. (3.22). 
(3.18) ; Equation (3.22) can be shortened slightly by noting that equilibrium requires 
; ; d K,K,, =K,K,, p n (3.23) 
espectively, $f ia 
H Rearrangement of (3.22) results in the now familiar form 
. : Vinax 5) : ; 
< G9) See (3.24) 


Ki+s, 


| keys 
* = 02 
vt A (3.25) 
l K,,8, + K,K, 
d + — 2182 1412 26 
and | Kt acre ea FK, (3 26) 


From the previous three equations it is apparent that if s, is held constant and s, 
is varied, the reaction will follow Michaelis-Menten kinetics. However, Eqs. 
(3.25) and (3.26) show that the apparent maximum rate and Michaelis constant 
are functions of S, concentration. 

Assuming that the above sequence and the rate expression for a two-sub- 
strate reaction are correct, we can verify the original Michaelis-Menten form (3.3) 
when one substrate is in great excess. In this case, v%,, becomes =ke,, while K* 
approaches the constant value K,,. Therefore, the two-substrate reaction can be 
treated as though s, were the only substrate when s, > K423. 

The participation of a cofactor, whether metal ion or coenzyme, in a one- 
substrate enzymatic reaction (or a two-substrate reaction with s, > K,,) can be 
modeled as in Fig. 3.12. Since this situation resembles so closely the two-sub- 
strate mechanism just analyzed, the details of the derivation based on the equili- 
brium assumption are not necessary. Assuming that substrate complexes only 
with the apoenzyme-coenzyme complex, the final result is 


keocs 


n (3.27) 


Dja 
ea 


where c is the cofactor concentration. If substrate concentration s is considered 
fixed, this. rate expression shows a Michaelis-Menten dependence on cofactor 
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concentration c. Thus, if there is little cofactor present (c < K,), the reaction 
velocity is first order in c. On the other hand, for c > K,, the single-substrate 
equation is recovered, and the rate is independent of cofactor concentration. 

If s, and s, or c and s, must bind to e in an obligatory order, the appropriate 
kinetic equation is obtained by letting K;; of the forbidden reaction approach 
infinity. 


3.3 Determination of Elementary Step Rate Constants 

In Sec. 3.2.2, we explored convenient plotting techniques for determining the parameters vma, and K, 
which appear in the Michaelis-Menten rate equation. As the Briggs-Haldane derivation reveals, how- 
ever, these parameters depend on the elementary step rate constants k,, kK_,, and k,. Examination 
of the specific relationships in Eqs. (3.10) and (3.11) shows that knowledge of K„ and vma, is 
not sufficient to determine the elementary rate constants. An additional, independent HA an 
between the elementary step rate constants and experimental data is required. 

These more fundamental kinetic parameters are of interest for at least two reasons: (1) They 
provide a better picture of what occurs during the process of enzyme catalysis. We can learn, for 
example, how rapidly substrate combines with free enzyme and how this rate compares with the 
reverse process of ES complex decomposition. (2) We saw earlier that the simplification leading to the 
Michaelis-Menten equation is rigorously justified only when the total enzyme concentration is rela- 
tively small. In cases where this ıs not true, a careful treatment of enzyme reaction kinetics would 
involve integration of the mass balances for s, p, and (es). Such an analysis cannot be undertaken, 
however, unless the elementary step rate constants k,, k_,, and k, are known. With these motiva- 
tions, we consider experimental techniques for determining these parameters and some of the results 
of such measurements. 

In the pre-steady-state kinetics method, attention is focused on the short period (~ 1 or less) 
just after the reaction is initiated when the quasi-steady-state approximation does not apply. During 
this interval, substrate concentration changes little, allowing approximate solution of the mass bal- 
ances for (es) and p. Comparison of the p(t) equation so obtained with experimental data gives, in 
conjunction with measured values for vmar and K,, and their definitions, all the information needed to 
estimate k,, k_,, and k,. The stopped-flow method perfected by Britton Chance and colleagues is the 
central experimental component of this method. After rapid mixing of substrate and enzyme solutions 
in an absorption cell to initiate the reaction, product composition changes on a time scale down to 
milliseconds are monitored by a spectrophotometer. 

Relaxation methods, developed and widely applied by Eigen and coworkers, can explore reac- 
tions which occur on a time scale of nanoseconds. Although there are several variations of the . 
method, all are based on the same principles: an external perturbation of some reaction condition 
such as temperature, pressure, or electric field density is applied to a reaction mixture at equilibrium 
(or steady state). The resulting response of the reaction system is then monitored continuously. As 
illustrated schematically in Fig. 3.13, the response following a sudden step change in reaction condi- 
tions is a transition to a new, nearly equilibrium or steady state. 


3.3.1 Relaxation Kinetics 
Here we shall explore the step-change relaxation method: The theory and practice of relaxation 
methods has also been developed for oscillatory perturbations in reaction conditions. Let us consider 


for the moment only the equilibrium between substrate, enzyme and enzyme-substrate complex: 


ES 


E +S 


For this reaction, we know that 


s + (es) = So 
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Temperature 


= 


Atr=0, Time,~ 10s 
impose Reaction mixture 
electric feet (at equilibrium 
field or for t <0) 
microwave 
pulse 
Concentration 
Figure 3.13 In a relaxation ex- 
periment, a small step change in ` 
reaction conditions, e.g, in tem- 
perature, causes a transient ap- 
0 Time proach to a new steady state. 
and 
e + (es) = €o 


so that in a well-mixed batch reactor, the mass balance for s 


ds 
— = k_,(es) — k,se (3.28) 
dt 
becomes 
k ds 
Tir at = k_,(So = s) — k,s(€o + s- So) = f(s) (3.29) 


EAD, 


If we let s* denote the s concentration at equilibrium after the step change in reaction condi- 
tions, s* can be determined by solving 


f(s*)=0 (3.30) 


where f(s) is the right-hand side of Eq. (3.29) and is equal to ds/dt. In any relaxation experiment s will 
be close to s*, and so we can approximate f(s) by the first terms in its Taylor expansion 


zero because of Eq. (3.30) 


df(s*) 
ds 


f(s) = f(s*) + (s — s*) + terms of order (s — s*)* and_higher (331) 


Letting x be the deviation from the equilibrium concentration 
x=s—s* (3.32) 


and remembering that s* is time-invariant, we can combine Egs. (3.29) to (3.32) to obtain the linear- 
ized mass balance [squared and higher-order terms neglected in (3.31)] 


dy 
u” —[k-1 + kleo — So + 2s*)]x l (3.33) 


Table 3 
reaction: 


Protein’ or 


Fumarase 


Acetylcho: 
Urease 

Myosin A 
Hexokinas 


-Amylase 
Liver alco. 


Liver alcol 
dehydro 


Malate del 
Old yellow 
Catalase 

Catalase-F 
Peroxidase 
Peroxidase 
Peroxidase 


Glutamic-i 
aldehydi 


Aminic 
BSA 


Anti-R ant 
Anti-DNP 
Hb(O2); 
Globin 


THR. 
Row, Publ 
t FMN 
(4'-azoben: 
benzene az 
* Rabb: 
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Table 3.5 Rate constants for several elementary substrate-enzyme 


reactions}? 


a_a 


Protein or enzyme 


Substrate 


ky, (M it s) 


=i 
k-s 


—— 


Fumarase Fumarate >10° >45 x 10+ 
L-Malate >10°  >4x10* 
Acetylcholinesterase Acetylcholine > 10° 
Urease Urea >5 x 10° 
Myosin ATPase ATP >8 x 10° 
on-a: Hexokinase Glucose 3.7 x 10° 1.5 x 10° 
ange in MgATP >4 x 106 >6 x 10? 
n e Amylase Amylose ` >58 x 107 
ar p-Amy mylose E 
ate. Liver alcohol dehydrogenase NAD 5.3 x 10° 74 
NADH 1.1 x 10’ 3.1 
Liver alcohol C,H,OH >1.2 x 10* >74 
dehydrogenase-NAD CH,CHO >3.7 x 105 >3.1 
Malate dehydrogenase NADH 6.8 x 10° 2.4 x 10? 
Old yellow enzyme FMN 1.5 x 106 ~1074 
Catalase H,0, 5 x 10° 
GB 28) Catalase-H,O, H,O, 1.5 x 107 
l Peroxidase H,O, 9 x 106 <14 
Peroxidase-H,O,(II) Hydroquinone 2.5 x 10° 
Peroxidase Cytochrome c 1.2 x 10° 
(3.29) Glutamic-aspartic transaminase, 
aldehydic Glutamate 3.3 x 107 28 x 10° 
2 condi- Aspartate >10 >5 x 10° 
NH,OH 3.7 x 106 38 
; Ketoglutarate, >5 x 10° >5 x 10* 
(3.30) oxalacetate © 
wai Aminic Oxalacetate 7 x 10’ 1.4 x 10? 
ae Ketoglutarate 2.1 x 10 wo 
BSA NR’ 2 x 10° 35 
NSR’ 3.5 x 10° 2.5 
Anti-R antibodies! NR’ 2.2 x 107 50 
(331) Anti-DNP antibodies! DNP-lysine 8.1 x 107 1.1 
Hb(O,); O, 2 x 10’ 36 
Globin Carboxyheme 7 x 10’ 
(3.32) i 
t H. R. Mahler and E. H. Cordes, Biological Chemistry, 2d ed., p. 322, Harper & 
te linear- Row, Publishers, Incorporated, New York, 1971. 
? FMN, flavin mononucleotide; BSA, bovine serum albumin; NR’, 1-naphthol-4- 
(4'-azobenzene azophenyl)arsonic acid; NSR’, [naphthol-3-sulfonic acid 4-(4'-azo- 
(3.33) benzene azo) ]phenylarsonic acid; DNP, 2,4-dinitrophenyl; Hb, hemoglobin, sere 


t Rabbit y-globulin. oe 


If the system, is initially at the old equilibrium Corresponding to conditions before the step 
perturbation 


x(0) = Axo (3.34) 
and consequently 
x(t) = Ayge* | (3.35) 
where 
1 
F = Key + kile = So + 2s*) = ky + k,(e* + s*) (3.36) 


In Eq. (3.36), e* represents the concentration of uncomplexed enzyme at the final equilibrium state. 
From Eq. 3.35, it is clear that t can be determined from the slope of a semilog plot of x(t)/Azo. 
Alternatively, t is the time required for the deviation x(t) to decay to 37 Percent of its initial value. 
After t, x*, and e* (or €o and So) have been measured, Eq. (3.36) provides a relationship between ky 


and k_, which is independent of the equilibrium equation. Consequently, both k, and k_, can be 
calculated. : 


is slow compared with that of earlier complexes, Transient relaxation studies provide a valuable 
probe for such situations. 


34 OTHER PATTERNS OF 
SUBSTRATE CONCENTRATION DEPENDENCE 


Cie 


Velocity, v ——— 


Figure 3.1 
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re the step ra oa 
al Substrate Activation and Inhibition 
639) . moidal dependence of reaction rate on substrate concentration exhibited 
oe enzymes is evidence of a type of activation effect (Fig. 3.14). At low 
? wh te concentrations, the bonding of one substrate molecule enhances the 
Cy abs an of the next one (mathematically stated, the increment in v resulting from 
s rement in s, dv/ds, is increasing). Such behavior can be modeled by assum- 
er concerted transition of protein subunits: we assume that the enzyme, which 
(3.36) obably oligomeric, has multiple binding sites for substrate and that the first 
ae molecule bound to the enzyme alters the enzyme’s structure so that the 
rium state. aining sites have a stronger affinity for the substrate. Since the mathematical 
f x(t)/Axo. alysis for this model parallels the hemoglobin model outlined in Prob. 2.10, we 
Baer i not pursue it here. . 
be Sometimes when a large amount of substrate is present, the enzyme-cata- 
reer ed reaction is diminished by the excess substrate (Fig. 3.15). This phenomenon 
; investiga- g called substrate inhibition. We should note from Fig. 3.15 that the reaction rate 
ses through a maximum as substrate concentration is increased. When s is 
arger than S(U = Vmax) a decrease in substrate concentration causes an increase 
g reaction rate. This autocatalytic feature of this type of kinetics can have impor- 
e numbers „nt implications on the behavior of biochemical reactors. 
ibed in the The quantitative relationship between substrate concentration and reaction 
re see that rate for substrate-inhibited reactions can be modeled quite nicely using the 
wr-collision Michaelis-Menten approach. In the assumed mechanism here, however, a second 
e substrate molecule can bind to the enzyme. When S joins the ES complex, an 
ne (see k, ynreactive intermediate results: 
Amedi Reaction steps at equilibrium: ae 
Dissociation 
ia constant 
| one reac- Eis == ES K, (tr example, =| | (3.37) 
'e complex k-i k; 
Oai ES+S =— ES, K, 
|__tm 
| | 
netics as 3 x 
forms of 3 E 
gulatory > Š 
yne sub- 
sider the 
A a S Substrate concentration, s —» a Substrate concentration, 5 —» 
fives: (4) Activation (6) Inhibition 


Figure 3.14 Substrate activation (a) and inhibition (b). 
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log v 


23°29] 0.02 0.04 0.06 0.08 
log s Substrate concentration, s, mol/L 
(a) (b) 
Figure 3.15 Experimental evidence of substrate inhibition. (K. J. Laidler, “The Chemical Kinetics of 
Enzyme Action,” p. 71, T he Clarendon Press, Oxford, 1958. (a) Data of K.-D, Augustinsson, “Substrate 
Concentration and Specificity of Choline Ester Splitting Enzymes,” Arch, Biochem. vol. 23, 11 1, 1949; 


(b) Data of R. Lumry, E. L. Smith and R. R. Glantz, “Kinetics of Carboxypeptidase Action. I. Effect of 
Various Extrinsic Factors on Kinetic Parameters” J, Am. Chem. Soc., vol. 73 P. 4330, 1951.) 


Slow step: ES —4 ~ pip (3.38) 


When the two dissociation-equilibrium relationships and an enzyme balance 
analogous to Eq. (3.7) are used, Straightforward algebraic manipulations yield 


i key 
=> —--————$— 
1 + K,/s + s/K, (3.39) 
It is not difficult to deduce the necessary parameters in this equation from 
experimental data. F irst, k can be determined by varying eo. Next, by Plotting 1/v 
against s, a straight line with slope 1/K, keg is obtained at high substrate concen- 
trations (Fig. 3.16). Finally, we can evaluate K, from Eq. (3.40) where Smax 
satisfies dv/ds = 0 using Eq. (3.39) 


Smax = K, K, (3.40) 


3.4.2 Multiple Substrates Reacting on a Single Enzyme 


Many enzymes can utilize more than a Single substrate. In such cases, the various 
reactants compete with each other for the active site, which is here presumed to 
be the same for each reaction. The most obvious examples of such enzymes are 


hydrolyses complex mucopolysaccharides, including the murein cell wall, thereby 
killing gram-positive bacteria. The previous comments are reflected in Table 3.6, 
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Slope = 1/K keg 


Figure 3.16 K, can be determined from 
the slope of a 1/v vs. s plot. Data for 
hydrolysis of ethyl butyrate by sheep 
liver carboxylesterase. (Reprinted by 
permission from M. Dixon and E. C. 
ay 0 10 20 30 40X 107M Webb, “Enzymes,” 2d ed, p. 78, 

Substrate concentration, s Academic Press, Inc., New York, 1964.) 


which summarizes the measured rate and dissociation constants for each lyso- 
zyme substrate when it is the only substrate present. The parameter variations 
are seen to be greatest with the monomer and oligomers. 

In the above examples, as in the following one, each condensation linkage in 
the oligomer or polymer can be viewed conceptually as a separate substrate. 
Also, a polymeric substrate like starch is not really a single substrate in the 
normal sense, for the polymer is a mixture of long chains of different lengths, 
which may also contain various monomer-monomer links (Sec. 2.2.2). Shown in 


Table 3.6 Kinetic parameters for lysozyme action on bacterial cell wall 
(GleNAc-MurNAc copolymer)? 
GIcNAc = N-acetylglucosamine, MurNAc = N-acetylmurein 


Reaction Type 
1 S; = (GlcNAc-MurNAc), = i unit oligomer 
E + S; = C; j=0,...,i+1 Association 
Ci; as A;+Si-; j=1,...,i—1 Hydrolysis of complex 
Ci —>—> 4,+H,0 Dissociation of intermediate (j = i) 
A{+ H,0) ae E +S; Hydrolysis of intermediate 
A, +5; —. E + Sis; Transglycosylation to yield i + j unit 


K, =0.5 M`! Ka, =6.3 x 1074 M7! K,, = 2000 M`! K, = 3.5 x 10* M7! 
ke=1.75s7} k =100s™! k, = 2.77 x 10%(M-5)~! 
caaan a aaa mm 


t After D. M. Chipman, A. Kinetic Analysis of the Reaction of Lysozyme with Oligosaccharides 
from Bacterial Cell Walls, Biochemistry, 10: 1714, 1971. 
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5 


A 


Figure 3.17 Reaction-time curves for 
hydrolysis of different amylose frac- 
tions using amyloglucosidase (25°C, 
PH 4.6, sọ = 0.1 g/100 mL, e, = 6.8 x 
1078 M): O mol wt ~ 1,650,000, A 
mol wt æ 1,100,000, @ mol wta 
360,000. /(Reprinted by permission 
from K. Hiromi et al, “A Kinetic 
Method for the Determination of 
Number- Average Molecular Weight of 


tw w 


— 


Glucose concentration, X 103 M 


oi Linear High Polymer by Using an 
0 50 100 150 200 250 Exo-Enzyme,” J. Biochem. (Tokyo) 
Time, min vol. 60, p. 439, 1966.) 


Fig. 3.17 are the differences in the course of enzymatic hydrolysis of several 
starches. The kinetic behavior of a better-defined system is illustated in Fig. 3.18. 
In commercial processes for thinning of starch solutions by amylases, these reac- 
tions are important. Similar effects are expected in analogous reactions, e.g., hy- 
drolysis of proteins with proteolytic enzymes. Before proceeding to a quantitative 
treatment of competition between different substrates, we should point out that 
other phenomena may be involved in the above examples, including variations in 
physical size and state and differences in the number of reactive bonds in the 
diverse substrates in the reaction mixture. 

Some hydrolytic enzymes exhibit selectivity for different regions of a bio- 
polymer chain. An exo-enzyme cleaves the chain at or near the chain end, while 
endo-hydrolases catalyze hydrolysis of internal bonds in the chain. In kinetic 
descriptions of such systems, it is important to consider both types of enzyme 
action and the concentrations of internal and end linkages in the biopolymer 
mixture. We will encounter such an approach in our examination of enzymatic 
hydrolysis of cellulose in the next chapter. 


Figure 3.18 Reaction-time curves for 
glucose oligomers and polymers 
(15°C, pH 5.15, sọ = 0.04 M, e= 
2.82 x 1077 M). The enzyme is amy- 
loglucosidase. /S. Ono et al., “ Kinetic 
Studies of Gluc-amylase,” J. Biochem. 


Glucose produced, mg/mL 


0 10 20 30 40 
Time, min (Tokyo), vol. 55, p. 315, 1964.] 
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To gain a perspective of some of the difficulties involved in kinetic descrip- 
tion of reactions of mixtures, we consider next a simple illustrative example. 
Suppose that the sequence below describes the reactions of two different sub- 
strates catalyzed by one enzyme: . 


= 


Dissociation 
constant 
E+ S$, =— ES, K, (3.41) 
E +S, = ES, K, 
kı k 
Slow steps: ES, ——~ E+P, ES, —— E+P, (3.42) 


Here, each substrate binds a certain fraction of the enzyme present. When we 
employ the overall enzyme balance and equilibria, as in our earlier analysis, the 
rate expressions are: 


ds, aE kieos1ı/K, 
dt 1 LESK +5,/K> 
ds, k3€9S2/Ky- 


d pees eS 
á dt? 145,/K,+5,/K, 


(3.43) 


(3.44) 


Equations (3.43) and (3.44) indicate that if two reactions are catalyzed by the 
same enzyme, the individual velocities are slower in the presence of both sub- 
strates than in the absence of one of the substrates. This fact has been used 
advantageously to determine whether the same enzyme in an undefined sample 
acts upon both substrates or each substrate’s reaction is catalyzed by a separate 
enzyme. l 

Often in experiments and process operation, it is neither possible nor practi- 
cal to measure and monitor the concentrations of all species present in the reac- 
tion mixture. For example, in Fig. 3.18, the plotted glucose production is actually 
the net overall effect of many simultaneous reactions, including hydrolysis of 
maltose, maltotriose, and so forth. Stated in other terms, the overall reaction 
considered in the kinetic analysis is actually 


amyloglucosidase 
—— 


Glucose polymers glucose 


Thus, all the species containing glucose subunits have been lumped together into 
one imaginary species whose concentration is relatively easy to measure. Lump- 
ing of this type is extremely widespread in all branches of chemical kinetics. 
Consider, for example, catalytic cracking of gas oil, which is often usefully repre- 
sented as a three-species reaction 


Gas oil — gasoline > gases 


when designing or analyzing the reactor although each “species” is clearly a 
mixture of compounds. Although not often. explicitly recognized in the literature 
of the life sciences and biotechnology, lumping is a pervasive practice when inves- 
tigating, modeling, or designing biological processes. In this book, we shall watch 
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carefully for this and other simplifying assumptions employed, usually implicitly, 
in describing biological systems. An unjustified assumption can cause a break- 
down in the analysis and the design. . 

One possible pitfall of lumping can be illustrated with the present example. If 
Sr is the total concentration of all substrates present 


Sp =5, +S, (3.45) 


then the overall rate of disappearance of Sr is 


_ ds (7 4s a _ _ eolkisı/K, + kas2/K3) 


dt dt 1+ s,/K, +5,/K, (240) 


By varying the relative values of s, and S2, this rate can be changed. For exam- 
ple, if the total substrate concentration has a specified value szo, the overall rate 
vr does not in general have a unique value. Instead, it may lie anywhere in the 
range indicated below, depending on the S,/s, ratio: 


decrease 
T -o T 5 T Saar ona : 
si=spo KitSro increase 4x0 K2+ Sro 
$2 =0 $2 $2 =ST0 


Clearly, then, the values of »,,,, and K,, we would measure in a kinetic 
experiment would depend on the detailed composition (s,/s, ratio) as well as the 
total substrate concentration. Equally, the performance of an enzyme reactor fed 
a mixture of S, and S, will change if their relative amounts do, even though the 
total feed reactant concentration is maintained constant. 


3.5 MODULATION AND REGULATION OF 
ENZYMATIC ACTIVITY 


Chemical species other than the substrate can combine with enzymes to alter or 
modulate their catalytic activity. Such substances, called modulators or effectors, 
may be normal constituents of the cell. In other cases they enter from the cell’s 
environment or act on isolated enzymes. Although most of our attention in this 
section will be concentrated on inhibition, where the modulator decreases activity, 
cases of enzyme activation by effectors are also known. ` 

The combination of an enzyme with an effector is itself a chemical reaction 
and may therefore be fully reversible, partially reversible, or essentially irrevers- 
ible. Known examples of irreversible inhibitors include poisons such as cyanide 
ions, which deactivate xanthine oxidase, and a group of chemicals collectively 
termed nerve gases, which deactivate cholinesterases (enzymes which are an inte- 
gral part of nerve transmission and thus of motor ability). If the inhibitor acts 
irreversibly, the Michaelis-Menten approach to inhibiter-influenced kinetics can- 
not be used since this method assumes equilibrium between the free and com- 
plexed forms. Often, irreversible inhibition increases with time as more and more 
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enzyme molecules are gradually deactivated. Other cases, more difficult to detect, 
involve the partial deactivation of enzyme. In such an instance, the inhibited 
enzyme retains catalytic activity although at a level reduced from the pure form. 

Section 2.6 mentioned the remarkable chemical capabilities of most microor- 
ganisms which, supplied with only a few relatively simple precursors, manufac- 
ture a vast array of complex molecules. In order to perform this feat, it is 
necessary for the supply of precursors to be proportioned very efficiently among 
the many synthesis routes leading to many end products. Optimum utilization of 
the available chemical raw materials in most instances requires that only the 
necessary amount of any end product be manufactured. If enough of one 
monomer is present, for example, its synthesis should be curtailed and attention 
devoted to making other compounds which are in relatively short supply. 

Reversible modulation of enzyme activity is one control mechanism em- 
ployed by the cell to achieve efficient use of nutrients. (The other major control 
device is discussed in Sec. 6.1.) The most intriguing examples of enzyme regula- 
tion involve interconnected networks of reactions with several control loops, but 
their analysis must wait until we have studied the basic chemistry of cellular 
operation in Chap. 5. For present purposes, we shall employ control of a single 
sequence of reactions as an example. Figure 3.19 shows a five-step sequence for 
the biosynthesis of the amino acid L-isoleucine. Regulation of this sequence is 
achieved by feedback inhibition: the final product, L-isoleucine, inhibits the activi- 
ty of the first enzyme in the path. Thus, if the final product begins to build up, 
the biosynthesis process will be stopped. 

Since the reactions catalyzed by enzymes E, through E, are essentially at 
equilibrium and the first reaction is “irreversible” under cellular conditions, the 
response of this control device is especially fast. Indeed, it is a general property of 
most regulatory enzymes that they catalyze “irreversible” reactions. Also, it 
should be obvious from the biological context that such “natural” enzyme modu- | 
lation must be reversible. For example, if L-isoleucine is depleted by its use in 
protein synthesis, inhibition of enzyme E, must be quickly relaxed so that the 
required supply of the amino acid is restored. 


L-threonine L-isoleucine 
CH; a 
E. 4 E 
HCOH — r= r= rrn CH, 
| | 
HCNH, i HCCH, 
| 
COOH | HCNH, 
| | 
| COOH 
Retin et a8 Boe eee eet ots ee eee ane J 


Figure 3.19 In this feedback-inhibition system, the activity of enzyme E, (L-threonine deaminase) is 
reduced by the presence of the end produtt, L-isoleucine. (P,°= a-ketobutyrate, P, = 
a-acetohydroxybutyrate, P, = a,8-dihydroxy-B-methylvalerate, P, = a-keto-B-methylvalerate.) 
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Table 3.7 Partial classification of reversible inhibitorst 
ee ts ala 


Type Description Result 
= 
Ia Fully competitive ~ Inhibitor adsorbs at substrate binding site Increase in apparent 
value of K,, 

b Partially competitive Inhibitor and substrate combine with Increase in apparent 
different groups; inhibitor binding value of K,, 
affects substrate binding 

Ila Noncompetitive Inhibitor binding does not affect ES No change in Kn, 
affinity, but ternary ' decrease of vmar 


EIS (enzyme-inhibitor-substrate) 
complex does not decompose into 


products 
b Noncompetitive Same as IIa except that EIS decomposes No change in Km 
into product at a finite rate different’ decrease of vmar 
from that of ES 
Il Mixed inhibitor Affects both K,, 


and Dmax 
; 
t M. Dixon and E. C. Webb, Enzymes, 2d ed., table VIIIL.1, Academic Press, Inc., New York, 1964. 


In the case of reversible inhibition, the approaches described in Sec. 3.2 prove 
quite fruitful. Since many isolated enzyme-substrate systems exhibit Michaelis- 
Menten kinetics, it is traditional to classify inhibitors by their influence on the 
Michaelis-Menten equation parameters v,,,, and K„. 

Reversible inhibitors are termed competitive if their presence increases the 
value of K,, but does not alter vaas- The effect of such inhibitors can be coun- 
tered or reversed by increasing the substrate concentration. On the other hand, 
by rendering the enzyme or the enzyme-substrate complex inactive, a noncom- 
petitive inhibitor decreases the vma of the enzyme but does not alter the K,, 
value. Consequently, increasing the substrate concentration to any level cannot 
produce as great a reaction rate as possible with the uninhibited enzyme. Com- 
mon noncompetitive inhibitors are heavy-metal ions, which combine reversibly 
with the sulfhydryl (—SH) group of cysteine residues. 

Several different combinations and variations on the two basic types of re- 
versible inhibitors are known. Some of these are listed in Table 3.7. Experimental 
discrimination between these possibilities will be discussed shortly. First, how- 
ever, we shall briefly review some of the current theories and available data on 
the mechanisms of modulator action. 


3.5.1 The Mechanisms of Reversible Enzyme Modulation 


Many known competitive inhibitors, called substrate analogs, bear close relation- 
ships to the normal substrates. Thus it is thought that these inhibitors have the 
key to fit into the enzyme active site, or lock, but that the key is not quite right 


sO th 
sider 
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so the lock does not work; i.e., no chemical reaction results. For example, con- 
sider the inhibition of succinic acid dehydrogenation by malonic acid: 


COOH COOH 


oe 
7 catalyzed by 
1 2 succinic dehydrogenase | H CH, 
inhibited competitively 
Ta by malonic acid ie COOH 
COOH COOH Malonic 
Succinic acid Fumaric acid acid 


The malonic acid can complex with succinic dehydrogenase, but it does not react. 

The action of one of the sulfa drugs, sulfanilamide, is due to its effect as a 
competitive inhibitor. Sulfanilamide is very similar in structure to p-aminoben- 
zoic acid, an important vitamin for many bacteria. By inhibiting the enzyme 
which causes p-aminobenzoic acid to react to give folic acid, the sulfa drug can 
block the biochemical machinery of the bacterium and kill it. 


HO O HN., ò 
J NZ 
Nc? O=s” 
NH, NH, 
p-Aminobenzoic acid Sulfanilamide 


Another mechanism, called allosteric control, yields behavior typical of non- 
competitive inhibition and is thought to be the dominant mechanism for non- 
competitive inhibition and activation. The name allosteric (other shape) was 
originally coined for this mechanism because many effectors of enzymic activity 
have structures much different from the substrate. From this fact it has been 
concluded that effectors work by binding at specific regulatory sites distinct from 
the sites which catalyze substrate reactions. An enzyme which possesses sites for 
modulation as well as catalysis has consequently been named an allosteric en- 
zyme. 

Allosteric control may either inhibit (reduce) or activate (increase) the cata- 
lytic ability of the enzyme. One schematic view of this process is depicted in Fig. 
- 3.20. Notice that the enzyme here is visualized as having two pieces. Many allo- 
steric enzymes are known to be oligomeric. 

Experimental studies on one oligomeric allosteric enzyme, aspartyl transcar- 
bamoylase (ATCase), have provided the most dramatic evidence to date in sup- 
port of the allostery theory of enzyme activity control. The enzyme was 
physically separated into two subunits. It was found that the larger subunit, 
which is catalytically active, is not influenced by CTP (cytidine triphosphate), an 
inhibitor of the intact ATCase enzyme. .Thé smaller subunit, on the other hand, 
has no catalytic activity but does bind CTP. 
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Catalytic state Allosteric inhibited state 
(R state) (T state) 


0 


Binding of substrate (S) and of Binding of allosteric inhibitor (1) 
effector (A) stabilizes stabilizes inhibited state 
catalytic state 


“Symmetry principle” excludes a mixed T-R state 
Figure 3.20 In the symmetry model for allosteric control of enzyme activity, binding of an activator A 
and substrate S gives a catalytically active R enzyme configuration, while binding of an inhibitor 
changes all subunits in the oligomeric protein molecule to an inactive T state. (From “Cell Structure 


and Function,” 2d ed., p. 265, by Ariel G. Loewy and Philip Siekevitz. Copyright © 1963, 1969 by Holt, 
Rinehart and Winston, Inc. Reprinted by permission of Holt, Rinehart and Winston. ) 


In the absence of detailed information of the type just mentioned for 
ATCase, we cannot be certain that an effector does not bind at the active site. 
All that matters from the kinetic viewpoint, however, is that substrate affinity, 
unbound enzyme concentration, and/or the rate of complex breakdown are 
changed by presence of the modulator. In the following section, we shall seek 
mathematical formulas suitable for representing these effects. 


3.5.2 Analysis of Reversible Modulator Effects 
on Enzyme Kinetics 


A major contribution of the Michaelis-Menten approach to enzyme kinetics is 
accounting quantitatively for the influence of modulators. To begin our analysis, 
we shall assume that the following sequence reasonably approximates the inter- 
actions of a (totally) competitive inhibitor and substrate with enzyme. Here E and 
S have the usual significance, and I denotes the inhibitor. Also, EI is an enzyme- 
inhibitor complex. 


Reaction steps at equilibrium: 


Dissociation 
constant 


E+S = ES K, (3.48) 
E+I =F XK, 


Slow step: ES ——~ E+P (3.49) 


In this case binding of substrate and inhibitor to enzyme are mutually exclu- 
sive. Because some enzyme is bound in the EI camplex, not all the enzyme is 


oe old 
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available for catalyzing substrate conversion, so the reaction rate is lowered by 
the inhibitor. 

Making use of the equilibrium relationships indicated in Eq. (3.48) and a 
total mass balance on enzyme 


e + (es) + (ei) = ey (3.50) 


we can write the reaction rate in terms of total enyme concentration eg and free 
substrate and inhibitor concentrations (s and i, respectively): 


_ kegs 
~“ s+K (i + i/K) 


Comparing this with the original Michaelis-Menten form shows that vma, is unaf- 
fected, but the apparent Michaelis constant KPP, here 


(totally) competitive inhibition (3.51) 


app _ ES 
K“ K(1 sara (3.52) 


is increased by the presence of the competitive inhibitor. Stated in different terms, 
the rate reduction caused by a competitive inhibitor can be completely offset by 
increasing the substrate concentration sufficiently; the maximum possible reac- 
tion velocity is not affected by the competitive inhibitor. 

We can obtain a useful model for (totally) noncompetitive inhibition by ad- 
ding the following equilibrium steps to the reaction sequence given in Eqs. (3.48) 
and (3.49) above: 


Dissociation 


constant ‘ 
FI+S === EIS K, (3.53a) 
ES + I EIS K; (3.53b) 


In this situation, inhibitor and substrate can simultaneously bind to the enzyme, 
forming the ternary complex designated EIS. We assume in this simplest non- 
competitive inhibition model that binding of either inhibitor or substrate does 
not influence the affinity of either species to complex with the enzyme. Conse- 
quently, K, and K; in Eq. (3.53) are identical to the corresponding dissociation 
constants in Eq. 8. 48). Also, it is assumed here that the EIS complex does not 
react to give product P. 

Using the now familiar procedure of writing the complex concentrations in 
terms of e, s, and i, we obtain the following rate expression: 


_ skeo/(1 + i/K,) 


s+K, (totally) noncompetitive inhibition (3.54) 


Now the Michaelis constant is unaffected, but the maximum reaction velocity 
which can be obtained is reduced to 
ke~ 


Umax = IF IK, (3.55) 


126 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


In the presence of a noncompetitive inhibitor, no amount of substrate addition to 
the reaction mixture can provide the maximum reaction rate which is possible 
without the inhibitor. 

Competitive and noncompetitive inhibitions are easy to distinguish in a 
Lineweaver-Burk plot. In the competitive inhibitor case, the intercept on the 1/s 
axis is increased and the intercept on the 1/v axis is unchanged by the addition of 
the inhibitor. Conversely, with a noncompetitive inhibitor, only the 1/v-axis inter- 
cept is increased. As an example, examine the data in F ig. 3.21 for starch hydrol- 
ysis. Comparing the data plots for different inhibitors with the no inhibitor line, 
we see that a-dextrin is a competitive inhibitor, while noncompetitive inhibition 
is caused by both maltose and limit dextrin. 

Already mentioned in Table 3.7 are the possibilities of other inhibitor effects 
on enzyme kinetics. We shall summarize next very briefly how these cases can be 
described by modification of the inhibitor models already described. In partially 
competitive inhibition (case Ib in Table 3.7), the inhibitor and substrate combine 
_ with different groups of the enzyme, and the inhibitor affects the enzyme affinity 
for substrate. This case can be described by adding to the reaction sequence 


0.04 


0.03 


l 
— 0.02 
v 


0.01 None 
j Maltose 
/ Limit dextrin 


o-Dextrin 


Figure 3.21 Competitive (a-dextrin) and 

noncompetitive (maltose, limit dextrin) 

inhibition ‘of a-amylase. (Reprinted by 

permission from S. Aiba, A. E. Humph- 

—0.2 0 0.2 0.4 0.6 0.8 1.0 rey, and" N: Millis, “Biochemical Engi- 
l neering,” 2d ed, p. 101, University of 
s Tokyo Press, Tokyo, 1974.) 
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in Eqs. (3.48) and (3.49) the following reactions which are assumed to be in 
equilibrium: 


Dissociation 
constant , 
El+S = EIS K, 
(3.56) 
FS+1 == EIS Ky 
and the slow step: Els === PREP (3.57) 


(Note that it can be shown K;, = K,K,,/K;.) 


In another noncompetitive inhibition situation (case IIb), the noncompetitive 
inhibition model above is altered to take into account formation of product from 
the EIS complex, although with a smaller rate than ES complex reacts: 


ki 
EIS —> EI+P (3.58) 


One mixed inhibitor model which combines pure noncompetitive with partially 
competitive inhibition is obtained by deleting reaction (3.57) from the partial 
competition model above. The results for all of these cases may be written in 
Michaelis-Menten form 

ves 


b= SI K (3.59) 


with apparent parameters v3®P and K?P? that depend on inhibitor concentration 
and on various equilibrium and reaction rate parameters (see Table 3.8). Figure 
3.22 shows schematically how various types of inhibition influence different forms 


of kinetic data plots. 


Table 3.8 Intercepts of reciprocal (Lineweaver-Burk) plots in 
presence of inhibitor 


Type 
la Purely competitive aes 
a K,(1 + i/K;) 
Ib Partially competitive SN ie 
Vmax K(1 + i/K) 
Ha Purely noncompetitive LIN 2 
Umax K, 
1 + i/K; 1 


Partiall iti marr ears 
IIb artially noncompetitive Daa, + kieg/K; K, 
1+iK/K;K,.  1+iK/K;Kj 


I Mi 
Ib and Ila ixed Kil +iK) 


Umax 
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Noncompetitive Competitive 


Mixed 


a |) v v 
V man v max V max = 
=U; man 
Vi max vi mux 
0 i 0 0 4 x 
PŠ m —logs pK m; Pm —logs PK m; PK m -logs 
= PÄ m 


V mas 


= Vi ma 


Figure 3.22 Effects of various types of inhibition as reflected in different rate plots. Subscripts i here 


denote the presence of inhibitor. ( Reprinted by permission from M. Dixon and E. C. Webb, “ Enzymes,” 
2d ed., p. 326, Academic Press Inc., New York, 1964.) oo 
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One form of enzyme activation by an effector can be described by the case 
{Ib model above in which k' is greater than k. In physical terms, this means that 
the substrate complexed with EI reacts to give product more rapidly than the ES 
complex. Thus, species I serves to activate the enzyme. 


3.6 OTHER INFLUENCES ON ENZYME ACTIVITY 


Before proceeding, it may be helpful to recall the major objective of this chapter: 
to be able to represent the rate of an enzyme-catalyzed reaction mathematically. 
Without suitable rate expressions, we cannot design reactors or experiments em- 
ploying isolated enzymes. Moreover, when we reach the subject of cell growth 
kinetics, we shall discover that many aspects of enzyme kinetics can be applied. 
Therefore a thorough exploration of the variables which affect enzyme catalysis 
and a quantitative analysis of their influence are essential. 

We have already explored how different chemical compounds which bind 
with enzymes can influence the rate of enzyme-catalyzed reactions. Many other 
factors can influence the catalytic activity of enzymes, presumably by affecting 
the enzyme’s structural or chemical state. Included among these factors are: 


1. pH 

2. Temperature 

3. Fluid forces (hydrodynamic forces, hydrostatic pressure and interfacial ten- 
sion) 

4. Chemical agents (such as alcohol, urea and hydrogen peroxide) 

5. Irradiation (light, sound, ionizing radiation) 


Sometimes the change in catalytic activity caused by a shift in pH, for example, is 
reversed by returning to original reaction conditions. This situation is in a sense 
analogous to the reversible-inhibition cases considered above. The equilibrium 
(or quasi-steady-state) conditions prevailing in the original environment are 
merely shifted slightly by a small change in one of the factors above. In general, 
the amount of change in the environment from the enzyme’s native biological 
habitat must be relatively small (or brief), or deactivation of the enzyme will 
likely occur. Many of the variables listed above will be important in our discus- 
sion of enzyme deactivation in the next section. Here we concentrate on “revers- 
ible” effects of pH and temperature on enzyme catalytic activity. 

We should point out that the borderline between “reversible” and “irrevers- 
ible” deactivation of proteins is often vague. For example, an enzyme exposed to 
an elevated temperature for a short time may exhibit its original activity when 
returned to a natural working temperature. On the other hand, if the protein is 
exposed longer to the elevated temperature or to a-higher temperature for the 
same time, only partial activity may remain when the temperature is lowered. All 
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of this makes good intuitive sense if we remember the structure-function connec- 
tion for proteins and if we imagine the molecular dynamics of the protein and 
rupture of some of its weak bonds as the environment is changed. 


3.6.1 The Effect of pH on Enzyme Kinetics in Solution 


Figure 2.15 lists the various amino acids from which all proteins are constructed. 
These biochemical units possess basic, neutral, or acidic groups. Consequently, 
the intact enzyme may contain both positively or negatively charged groups at 
any given pH. Such ionizable groups are often apparently part of the active site 
since acid- and base-type catalytic action has been linked closely to several 
enzyme mechanisms. For the appropriate acid or base catalysis to be possible, 
the ionizable groups in the active site must often each possess a particular 
charge; i.e., the catalytically active enzyme exists in only one particular ionization 
state. Thus, the catalytically active enzyme may be a large or small fraction of the 
total enzyme present, depending upon the pH. Figure 3.23 illustrates the in- 
fluence of pH on several enzymes. In several cases shown there, catalytic activity 
of the enzyme passes through a maximum (at the optimum pH) as pH is in- 
creased. . 

We can obtain a useful form for representing such pH effects on enzyme 
kinetics using the following simple model of the active site ionization state: 


-H+ -H* 


E- (3.60) 


In these acid-base reactions, E~ denotes the active enzyme form while E and E2~ 
are inactive forms obtained by protonation and deprotonation of the active 
site of E, respectively. K, and K, are equilibrium constants for the indicated 
reactions. Further ionizations away from the E” state of the enzyme are not 


Glutamic acid decarboxylase 
100 


80 
x 
> Arginase 
Q 
v 
2 
2 cii Salivary 
amylase Figure 3.23 Enzyme activity is strongly pH 
20 dependent, and the range of maximum activi- 
ty differs greatly depending on the enzyme 
involved. (Redrawn with permission from J. S. 
0 Fruton and. &-:-Simmonds, “General Bichem- 


1 2? 3 4 5 6 7 8 9 10 11 32 istry,” p. 260, John Wiley & Sons, Inc., New 
pH York, 1958.) 
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considered since the first ionization is assumed here to completely eliminate 
enzyme activity. l 
After writing the equilibrium relations for the two ionizations 


h*e7 h* e?— z 
=K, =K, (3.61) 


e 


we can determine the fraction of total enzyme present which is active. When we 
let eo denote the total enzyme concentration, 


eo=e +e +e? (3.62) 
the active fraction y~ is e~/e, and is given by 


1 
Y Th /K, + Kah oe 
This is one of the Michaelis pH functions. The other two, y and y*~, give the 
fraction of enzyme in the acid and base forms, respectively. 
The y~ function depends upon pH in a manner quite similar to the enzyme 
activity-pH data shown in Fig. 3.23. There is a single maximum of y~ with 
respect to pH which occurs at the value 


HRR r vV K,K, or (PH) optimum = 3(pK, T pK) (3.64) 


where pK; is defined as —log K;. The y` function declines smoothly and sym- 
metrically as pH is varied away from the optimum pH. 

Protonation and deprotonation are very rapid processes compared with 
most reaction rates in solution. Therefore, it can be assumed that the fraction of 
enzyme in the active ionization state is y even when the enzyme is serving as a 
catalyst. Consequently, the influence on the maximum reaction velocity vmar is 
obtained by replacing the total enzyme concentration e, with the total active 
form concentration egy”: 


k 
Umax a keo y~ z at 


apnoea ec Saeenee 3.65 
1+h*/K, + K,/h* om) 


Using this relationship, enzyme activity data may be used to evaluate the 
parameters K, and K,. The pH of maximal activity is related to K, and K, by 
Eq. (3.64). A measured value of enzyme activity at a different pH gives an inde- 
pendent relationship for K, and K,, allowing determination of these parameters. 

According to an extension of the Michaelis-Menten treatment of the simplest 
enzyme-catalyzed reaction sequence given in Eq. 3.4, pH can also affect the 
Michaelis constant K,,. However, if the substrate does not have different ioniza- 
tion states with different affinities for free enzyme and if formation of the enzyme- 
substrate complex does not influence K ı and K,, then the analysis shows K,, is 
independent of pH. In any event, pH effects on K,, are usually relatively insignifi- 
cant. In practice, Eq. (3.65) alone is generally used to represent the dependence of 
enzyme-catalyzed reaction rates on pH. 
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We should always remember that the theory just described may not apply 
for pH values far removed from the optimum pH. Under these circumstances, the 
forces stabilizing the native protein conformation may be so disturbed that dena- 
turation occurs. In this situation, we cannot expect the normal enzymatic activity 
to return quickly, if at all, in a practical time scale if the PH is restored to its 
optimal or near-optimal value. 


3.6.2 Enzyme Reaction Rates and Temperature 


In any study of chemical kinetics, a recurring theme is the Arrhenius form relat- 
ing temperature to a reaction-rate constant 


k = Ae ERT (3.66) 


where E, = activation energy 
-R = gas-law constant 
A = frequency factor 
T = absolute temperature 


In an Arrhenius plot, log k is graphed against 1/T to give a straight line with a 
slope of —E,/R [assuming, of course, that Eq. (3.66) holds]. The Arrhenius 
dependence on temperature is indeed satisfied for the rate constants of many 
enzyme-catalyzed reactions, as exemplified by the data in Fig. 3.24. 


T, °C 
35 25 15 
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Figure 3.24 Arrhenius plot for an enzyme catalyzed reaction (myosin catalyzed hydrolysis of ATP). 
Reprinted from K. J. Laidler, “The Chemical Kinetics of Enzyme Action,” p. 197, The Clarendon Press, 
Oxford, 1958. Data of L. Quellet, K. J. Laidler, M. F. Morales, Molecular Kinetics of Muscle Adenosine 
Triphosphate, Arch. Biochem. Biophys, vol. 39, p. 37, 1952.) 
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Figure 3.25 Arrhenius rate dependence breaks down at high temperatures, above which enzyme deac- 
tivation predominates (H,O, decomposition catalyzed by catalase). The solid curve was calculated 
from Eq. (3.73) using the parameter values E= 3.5 kcal/mol, AH, = 55.5 kcal/mol, AS, = 
168 kcalmol~'K~!, 8 = 258mm?/min. (Data from I. W. Sizer, Temperature Activation and 
Inactivation of the Crystalline Catalase-Hydrogen Peroxide System,” J. Biol. Chem., vol. 154, p. 461, 
1944.) 


It should be noted, however, that the temperature range of Fig. 3.24 is quite 
limited. No temperatures significantly larger than the usual biological range were 
considered. What would happen if we attempted to push the enzyme farther and 
try for higher rates via higher temperatures? The result would in most cases be 
disastrous, as the example of Fig. 3.25 illustrates. 

For may proteins, denaturation begins to occur at 45 to 50°C and is severe 
at 55°C. One physical mechanism for this phenomenon is obvious: as the temper- 
ature increases, the atoms in the enzyme molecule have greater energies and a 
greater tendency to move. Eventually, they acquire sufficient energy to overcome 
the weak interactions holding the globular protein structure together, and deacti- 
vation follows. 

Thermal deactivation of enzymes may be reversible, irreversible, or a com- 
bination of the two. A simple model of reversible thermal deactivation often suf- 
fices to represent T-activity data for enzyme kinetics over a wide range of 
temperatures. In this approach we assume that the enzyme exists in inactive (i) 
and active (a) forms in equilibrium: 


| Ry 0a (3.67) 
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with equilibrium constant 


e; — AG, — AH AS 
ped = K = = a Za 
e a SP ( RT ) exo( RT ) ex R ) oy) 


In Eq. (3.68), AG,, AH,, and AS, denote the free energy, enthalpy, and entropy of 
deactivation, respectively. 

Although individual hydrogen bonds are quite weak, typically with bond 
energies of 3 to 7 kcal/mol, the enthalpy of deactivation of enzymes AH, is quite 
high: 68 and 73.5 kcal/mol for trypsin and hen egg white lysozyme, respectively. 
The entropy changes upon deactivation for these enzymes are +213 cal/(mol-K). 
Due to the large heats of denaturation, the proportion of active enzyme is quite 
sensitive to small changes in temperature. For such AH, values, the enzyme 
deactivates almost totally over a range of 30 Celsius degrees. 

Since all enzyme present is either in active or inactive forms, 


. €a + (A = €o (3.69) 
we may obtain, using Eq. (3.68), 


= IFK, 


(3.70) 


According to transition state theory, the rate for reactions (3.4) at large substrate 
concentration can be written as 


Umax = ea'k(T) (3.71) 


where 
k(T) = da an e FIRT (3.72) 


k, and h are Boltzmann’s and Planck’s constants, respectively, and « is a propor- 
tionality constant. Combining Eqs. (3.68) and (3.70) through (3.72), we obtain 


Te” ERT 

Umax = ES sna (3.73) 
where the overall proportionality factor B includes a, kg, h, en, and exp (AS*/R). 
Equation (3.73) is the desired relationship for representing behavior like that 

_ shown in Fig. 3.25. The solid curve drawn through those data points was in fact 
calculated from Eq. (3.73) after estimating the parameters B, E, AS, and AH, 

& tom the data. The slope at large 1/T values is approximately _— E/R (the error is 
¿qual to T (K), which is usually not significant). The slope of the other straight 
iine obtained at higher temperatures is approximately equal to (AH, — E)/R. 
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AS; may be estimated after noting that, at the temperature Tmas Where log v 
is maximized, 


max 


y E + RT, 
w AH ESRT 


max 


KAT, (3.74) 


(This is obtainéd simply by setting d(log v,,,,)/dT equal to zero). Since Tnax iS 
known from the measurements and E and AH a have already been estimated, we 
can evaluate the right-hand side of Eq. (3.74). Now, knowing K Tax) We return 
to Eq. (3.68) and calculate AS,. F inally, the proportionality constant B is chosen 
to make vaas [Tpa, from Eq. (3.73)] the same as the measured value. Some 
iterative readjustments may be necessary to refine these initial estimates to obtain 
a good fit of the T — vma, data. In particular, results can be quite sensitive to the 
Tmax Value. Of course other parameters in the reaction rate expression such as the 
Michaelis constant and an inhibition constant are also functions of temperature. 
If these parameters are interpreted as equilibrium constants, as is often the case, 
we expect temperature dependence of the form seen above in Eq. (3.68), giving a 
straight line In K (or pK) versus 1/T plot from which the standard free energy 
parameter may be determined. 

In some cases data plotted in these coordinates do not give a straight line, or 
the slope of the line is different in different temperature ranges. Such complica- 
tions may be due to oversimplification of the interpretation of K,, or K;, or the 
catalytic reaction sequence itself. Recall, for example, that K,, for the simplest 
reaction sequence (3.4) is most properly viewed as a combination of elementary 
step rate constants as given in Eq. (3.5). If each of these elementary rate constants 
are in turn written in Arrhenius form [Eq. (3.66)] or in the transition state theory 
form of Eq. (3.72), a complicated function of temperature results. The existence of 
more than one intermediate enzyme-substrate or enzyme-product complex is an- 
other possible source of complication in temperature dependence of certain rate 
parameters. 

This point can be generalized in a useful way which has been applied pro- 
ductively to test kinetic models and the associated hypothetical reaction se- 
quences employed in kinetic model development. If the kinetic parameters 
determined at different temperatures do not lie on a straight line in an Arrhenius 
plot, the model is likely not complete or not correct. 


3.7 ENZYME DEACTIVATION 


Most of the research literature on enzyme kinetics is devoted to initial rate data 
and analyses of reversible effects on enzyme activity. In many applications and 
process settings, however, the rate at which the enzyme activity declines is a 
critical characteristic. This is especially true when long-term use of the enzyme in 
a continuous flow reactor is considered (immobilization methods for retaining 
enzyme molecules in such reactors is a central theme of the next chapter). In such 
situations, the economic feasibility of the process may hinge on the useful lifetime 
of the enzyme biocatalyst. 
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While our focus in this section is on the mechanisms and kinetics of enzyme 
activity loss, we should recognize that alteration of protein structure and function 
has many important practical implications. Proteins are often recovered from 
culture broths by precipitation, an operation that involves changing the proteins’ 
configuration or chemical state by pH or ionic strength adjustment. Later protein 
purification steps sometimes use antibodies as highly specific sorbents, a process 
that fails if the antibodies deactivate and lose their ability to recognize and ad- 
sorb a particular protein. We shail return to these separation themes in Chap. 11; 
now we consider the causes, effects, and kinetic representation of enzyme activity 
decay. 


3.7.1 Mechanisms and Manifestations of Protein Denaturation 


We know that protein structure is stabilized by weak forces, often giving rise to 
functionally important molecular flexibility. On the other hand, this weak stabili- 
zation implies that proteins are poised near, in an energetic sense, to several 
alternative and less biologically active configurations. This property is illustrated 
dramatically by the thermodynamic data for a-lactalbumin in Fig. 3.26. We see 
there that the free energy difference between the native and completely denatured 
state is only 9.0 kcal/mol (although several intermediate energy barriers must be 
passed to effect the transition from one conformation to the other). Consequent- 
ly, we should recognize that native protein structure is only marginally stable. 

It is therefore not surprising that a multitude of physical and chemical 
parameters can and do cause perturbations in native protein geometrical and 
chemical structure, with concomitant reductions in activity (Table 3.9). After 
recognizing the individual parameters which influence protein denaturation, we 
must recognize that it is not the individual factors listed above but their combi- 
nations-that determine rates of enzyme deactivation. For example, the sensitivity 
of a protein to denaturation at elevated temperatures can vary widely with solu- 
tion pH, and the influence of various temperature-pH combinations may differ 
tremendously from one protein to another. 

We can identify a large set of different but often related protein properties 
that may be affected by the physicochemical factors listed in Table 3.9. These 
possible manifestations of denaturing environments include the solubility, ten- 
dency for crystallization or gel formation, viscosity, and biological activity (en- 
zyme catalysis, antibody binding) of protein solutions. Just as combinations of 
influence are important, so too are combinations of effects. For example, it is 
essential in recovering an enzyme in a precipitation step that the conditions used 
do not also cause major irreversible loss of enzyme activity. 


3.7.2 Deactivation Models and Kinetics 


In the simplest model, active enzyme (E,) molecules undergo an irreversible 
structural or chemical change to an inactive form (E) 


EEE, (3.75) 
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N A‘ ID RC 
35 Å — - 50 Å 
a-helix 25% 
f-structure 15% 
AG (kcal/mol) 
At l (25°C, pH 6-7) 


N = native conformation 

A* = critically activated state 

ID = incompletely disordered conformation 
RC = random coil (fully denatured state) 


Figure 3.26 Schematic illustration of the stages of unfolding of the protein a-lactalbumin with corre- 
sponding thermodynamic data. (Reprinted by permission from K. Kuwajima, “A Folding Model of a- 


Lactalbumin Deduced from the Three-state Denaturation Mechanism,” J. Mol. Biol., vol. 114, p. 241, 
1977.) 


at a rate r4 proportional to the active enzyme concentration 
ra = ke, (3.76) 


Consequently, in a well-mixed closed system (assumed for the moment not to 
contain any substrate, product, inhibitors, or modulators), the time course of 
active enzyme concentration is described by 


de, f 
Pa = — kje, (3.77) 
so that 
ZOS 
n E ( | = —k,t (3.78) 


Data consistent with this relationship are shown in Fig. 3.27 for the enzyme 


~ATPase under several different conditions. Tie decay constant k, depends on 


temperature in a fashion that can often be described by transition state theory 
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Figure 3.27 Time course of loss of ATPase enzyme activity at several pH and temperature values. 
(Reprinted by permission from G. E. Pelletier and L. Ouellet, “Influence of TENTARE and pH on 
Myosin Inactivation,” Can. J. Chem., vol. 39, p. 265, 1961.) 


[as in Eq. (3.72) with « equal to unity], which in turn is little different from the 
Arrhenius form (Eq. 3.66) over the narrow temperature ranges of interest for 
biological systems. Listed in Table 3.10 are the activation energies E and entro- 
pies AS* for k, for several common enzymes. The magnitude of the activation 
energy for protein denaturation is typically very large as these data illustrate. 

Without enzyme activity, cells cannot function. In some cases, destruction of 
a very small fraction of the cell’s enzymes results in its death. Viewed in this light, 
the preceding discussion reveals why heat can be used to sterilize gases, liquids or 
solids, i.e., to rid them of microbial life. Very few enzymes (and consequently few 
microbes) can survive prolonged heating, as we shall explore in greater detail in 
Chap. 7. 

Enzyme deactivation data is usually obtained by exposing the enzyme to 
denaturing conditions for some time interval in the absence of substrate, and then 


Table 3.10 Energies and entropies of activation for enzyme 
denaturationt 


Energy of activation, Entropy of activation 


Enzyme pH kcal/mol AS* (e.u./mol) 
Pancreatic lipase 6.0 46.0 68.2 

Trypsin 6.5 40.8 44.7 

Pepsin 4.83 56-147 unknown 
ATPase 7.0 70 150.0 


t K. J. Laidier and P. S. Bunting. The Chemical Kinetics of Enzyme Action, 
2d ed., p. 430, Oxford University Press, London, 1973. 
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making an initial rate activity assay after returning the enzyme solution to some 
standard conditions and adding substrate. Enzyme deactivation rates when the 
enzyme is turning over substrate can be significantly different when, for example, 
(a) free enzyme, enzyme-substrate and/or enzyme-product complexes deactivate 
at different rates, or (b) the substrate and/or product cause deactivation. To 
illustrate an approach to such situations, we consider a simple case in which 
substrate binding to enzyme is presumed to stabilize the enzyme (an effect that is 
qualitatively reasonable in some systems). Thus, only the free enzyme experiences 
deactivation. 

Combining this deactivation model with the simple catalytic reaction 
sequence used by Michaelis and Menten Eq. (3.4) gives 


k k f 
E,+S === ES —*> E,+P (3.79a) 
kg 
E, —*— E. (3.79b) 


If we apply the reasonable assumption that the deactivation process is much 
slower than the reactions in Eq. (3.79a), invoking the quasi-steady-state approxi- 
mation for the (E,S) complex gives 


k, Crot, a5 
=o 3.80 

K,, +5 0) 
where ewa is the total concentration of active enzyme both in free and com- 
plexed forms. The rate of change of erot, a 1S given by i 


deio, a 


Ae —k,e, (3.81) 
Going back to the quasi-steady-state calculations used in obtaining Eq. (3.80), we 
can express e, in terms of ei, a and the catalytic reaction parameters to give, after 
substitution in Eq. (3.81) 

de 


fot,a ki Ctot,a 


oa (3.82) 
dt 1+ s/K,, 
Thus we see that in Eqs. (3.80) and (3.82) that the substrate conversion and 
enzyme deactivation rates are mutually coupled. In particular, the rate of enzyme 
deactivation depends on the substrate concentration. If, on the other hand, both 
E, and (E,S) deactivate at the same rate, then enzyme activity will decline under 
reaction conditions exactly as observed in a substrate-free deactivation experi- 
ment. 
Extending these notions to the general case, we can see that, if different forms 
of the enzyme (free, various complexes, various ionization states, etc.) deactivate 
at different rates, the overall deactivation rate will in turn depend on any reaction 
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Logarithm of deactivation rate constant 


3 5 7 9 11 
pH 


Figure 3.28 Temperature and pH dependence of the first-order rate constant for deactivation of ricin. 
(Reprinted by permission Srom M. Levy and A. E. Benaglia, “ The Influence of Temperature and pH 
upon the rate of Denaturation of Ricin,” J. Biol. Chem. vol. 186, p. 829, 1950. ) 


parameter (substrate and inhibitor concentrations, pH, etc.) which influences the 
proportions of the different enzyme forms. For example, the following model 


a H + — H+ 2a H + we Ht 
Ea +Ht E.. +H* E,3 +H+ a4 +H? 
K K K; | K 
‘| a ? kas 3 kas 4 
E, E, E, E, 


_ Decay of enzyme activity with time does not always follow the first-order 
model of Eq. (3.78). Convex log (activity) versus time relationships have been 


ricin. 
d pH 


Wie a TRUER SARE, an a AESA AEA E 
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(b) 


Activity (Initial activity) 


Activity/(Initial activity) 


0 4 8 12 16 20 24 28 0 500 1000 
Time, h . Time, min 

Figure 3.29 Deactivation of (a) a luciferase preparation (pH 6.8, temperatures as indicated) and (b) a- 
chymotrypsin in solution (pH 7.8, 40°C, Ca?* = 107? M and initial enzyme concentrations, O = 
7.31 x 1077 M, A = 3.65 x 1076 M, © = 1.46 x 1075 M, @ = 2.92 x 1075 M. (Reprinted by per- 
mission from (a) A. M. Chase, “ Studies on Cell Enzyme Systems. IV. The Kinetics of Heat Inactivation 
of Cypridina Luciferase,” J. Gen. Physiol., vol. 33, p. 535, 1950, and (b) Y. Kawamura, K. Nakanishi, R. 
Matsuno, and T. Kamikubo, “Stability of Immobilized 2-Chymotrypsin,” Biotech. Bioeng., vol. 23, p. 
1219, 1981.) 


been employed for conceptual and quantitative representation of activity decline 
for several enzymes: . 


E ” (3.83) 


Assuming first-order kinetics for each indicated transformation, this model was 
used to fit the luciferase deactivation data in Fig. 3.29a. The solid line near the 
45° data, for example, was calculated using the rate parameters k,, = kj. = 1.02, 
and k, = 0.02 h7'. 

Loss of activity in protease solutions is more complex because these enzymes 
catalyze their own hydrolysis. This autodigestion property should be included in 
the deactivation model. The following model for deactivation of the protease 
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a-chymotrypsin includes a variation on the theme of Eq. (3.83) plus an autodi- 
gestion step: 
Ka 


E, <= Ei, > Ey 


E, + Ex D (E,E;;) +, E, 


+ inactive peptide hydrolysis products (3.84) 


Certain features of this sequence are supported by direct chemical evidence for 
this extensively studied enzyme. In particular, notice that only the reversibly 
inactivated form E,, is susceptible to attack and hydrolysis by the active protease 
form E,. Further analysis of this model and its use to calculate the solid curves in 
Fig. 3.29b is suggested in Problem 3.14. 

In concluding this summary of enzyme deactivation kinetics, we should men- 
tion approaches for irreversible enzyme deactivation by a poison. In the simplest 
case, we have 


E, + poison ——— E, ra = kaea: (poison) (3.85) 


However, since poisons often act at the enzyme active site and since poison 
access may be blocked by complexed substrate, we again must modify the analy- 
sis if substrate is present. Then, we should consider the coupled catalysis and 
deactivation processes and write the model as, for example, reaction (3.79a) plus 
poisoning step (3.85), where E, now denotes free, uncomplexed enzyme. Similar 
modifications, while not pursued here, can also be envisioned for the deactivation 
models given in Eqs. (3.83) and (3.84). 


3.7.3 Mechanical Forces Acting on Enzymes 


Mechanical forces can disturb the elaborate shape of an enzyme molecule to such 
a degree that deactivation occurs. Included among such forces are forces created 
by flowing fluids. Experiments to assess shear effects on enzyme activity have 
been conducted in flow through a capillary and in a coaxial cylinder viscometer. 

Let @ and y denote the time of exposure to shear and the shear rate (aver- 
aged over the cross section in the case of capillary flow), respectively. Experi- 
ments on shear denaturation of catalase and urease have shown that activity loss 


can be correlated as a function of the product y@ (Fig. 3.30a). Thus we see here . 


explicitly that the combination of exposure time and intensity of the denaturation 
effect determines the extent of deactivation. We should note that experiments on 
lactate dehydrogenase indicate that it is shear stress, not shear rate, which con- 
trols shear deactivation of that enzyme. _ l 

The data in Fig. 3.30b show clearly that shear deactivation of urease is 
partially reversible. Curve A shows substrate urea concentration in a stagnant 
urease solution, and curve B was measured with the reaction mixture exposed to 
a shear rate of 1717s~" in a coaxial cylinder viscometer. Obviously enzyme 
activity is reduced by fluid motion. The other data in Fig. 3.30b were obtained at 


Activity, % after shearing 


Substrate concentration s/Sọ 


odi- 


THE KINETICS OF ENZYME-CATALYZED REACTIONS 145 


(a) 


g 


S 


è 


Activity, % after shearing 


N 
© 


10 


10* 10° 10° 10’ 
Shear rate x exposure time, y0 


0.5 


After shearing 


Substrate concentration s/so 


0 120 240 360 
Time, min 
Figure 3.30 (a) Deactivation of catalase and urease by exposure to shear. Different symbols denote 
different shear rate experiments. (b) Conversion of urea by urease solution at rest (A), under shear 
(shear rate 1717 s~*) (B), and after shearing for different times (0.4 units urease/mL, pH 6.75, 23°C). 
(Catalase data reprinted with permission from S. E. Charm and B. L. Wong, “Enzyme Inactivation with 
Shearing,” Biotech. Bioeng., vol. 12, p. 1103, 1970. Urease data reprinted from M. Tirrell and S. 
Middleman, “Shear Modification of Enzyme Kinetics,” Biotech. Bioeng., vol. 17, p. 299, 1975.) 


zero stress after exposure to shear for different time intervals. Here enzyme activi- 
ty increases immediately after shear is removed, but not to the previous level. The 
difference has been interpreted as irreversible deactivation. 

This characteristic mechanical fragility of enzymes may impose limits on the 
fluid forces which can be tolerated in enzyme reactors being stirred to increase 
substrate mass-transfer rates or in an enzyme ultrafiltration system in which 
increasing membrane throughput causes increased fluid shear and extension just 
in front of the membrane and passing through it. . 

Another mechanical force, surface tension, often causes denaturation of pro- 
teins and consequent inactivation of enzymes. Since the surface tension of the 
interface between air and pure water is 80 dyn/cm, foaming or frothing in protein 
solutions commonly causes denaturation of protein adsorbed at the air-water 
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interface. Liquid-liquid interfaces normally have considerably lower surface ten- 
sions. Similarly, the plasma membrane of the cell is believed to have a surface 
tension of the order of 1 dyn/cm or less. As active proteins are known to exist in 
such plasma membranes, evidently these very low surface tensions do not deacti- 
vate the enzymes. Foam fractionation is a separation technique whereby mole- 
cules are concentrated at surfactant-air interfaces without deactivation; here the 
surfactant lowers the air-liquid surface tension to the order of 1 dyn/cm. 

In processing contexts and in some laboratory situations, combinations of 
different mechanical factors and also chemical processes, such as oxidation, inter- 
act to influence the rate of enzyme deactivation. The complicated nature of these 
interactions is discussed lucidly by Thomas and Dunnill,t in which careful studies 
of shear effects on the same enzymes as discussed in Fig. 3.30 give much different 
results (i.e., negligible deactivation due to simple shear alone). In addition to the 
factors already mentioned, extensional flow, cavitation, local adiabatic heating, 
metal contamination, and surface denaturation at cavities may influence enzyme 
deactivation. We must leave these to the references, however. As a general rule of 
thumb, the following may suffice. If the enzyme is surrounded in vitro with essen- 
tially the same environment it enjoys in vivo, it will be active. If any parameter of 
its environment is altered significantly, loss of activity is likely to occur. 

There is a corollary of this idea which finds numerous applications in bio- 
chemical technology. If an enzyme is required which is active at extreme tempera- 
ture or pH values, we should look for an organism which normally lives under 
these conditions. It will often contain enzymes especially adapted for use in an 
unusual environment. The development of microbial alkaline-stable enzymes for 
use in laundry detergents is a good example of this practice, as wash-water pH is 
typically 9.0 to 9.5. 


3.7.4 Strategies for Enzyme Stabilization 


Besides trying to identify enzymes that are intrinsically more stable, there are 
several methods available for improving enzyme stability. These fall into three 
main categories: 


a. Adding stabilizing compounds to the storage and/or reaction medium. 
b. Chemically modifying the soluble protein. 
c. Immobilizing the protein on or within an insoluble solid or matrix. 


In this brief overview, we focus on the first two strategies, leaving discussion of 
-immobilization and its effects on stability for the next chapter. 

Chemical additives that can stabilize proteins in some cases include sub- 
strates, organic solvents, and salts, Since the active site of an enzyme may be its 


? C. R. Thomas and P. Dunnill, “Action of Shear on Enzymes: Studies with Catalase and Urease,” 
Biotechnol. Bioeng. 21: 2279 (1979). ! 
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least stable region, presence of the substrate may stabilize the enzyme by “hold- 
ing” some of the protein in the form of enzyme-substrate complexes. On the 
other hand, examples of destabilization of enzymes by their substrates are also 
known. Polyalcohol solvents, which stabilize a number of enzymes, may diminish 
the tendency for hydrogen bond rupture in the protein. 

At low salt concentrations (<0.1 M), salt cations such as Ca?*, Zn?*, 
Mn?*, Fe?*, Mo?*, and Cu**, interact specifically with a group of enzymes 
called metalloenzymes. Some of these cations are cofactors, and their presence 
stabilizes the enzyme. Ca?* is implicated in tertiary structure stabilization in 
several proteins; by forming ionic bonds with two different amino acid residues, 
Ca’* can serve as a stabilizing bridge analogous to a disulfide bond. 

Specific examples of chemical additive effects on enzyme stability are listed in 
Table 3.11. Further details are given in Ref. [4]. We should note that the in- 
fluence of a particular chemical or strategy on one enzyme’s stability cannot 
always be extrapolated to other enzymes and, further, the stabilizing effect de- 
pends often on a particular combination of solution composition and tempera- 
ture. For example, while addition of some salts at low concentrations can 
stabilize enzymes, higher concentrations usually cause denaturation. A similar 
comment pertains to organic solvents. 

Chemical modification of proteins, an important tool in protein biochem- 
istry, has also been applied with some success to improve enzyme stability. One 
class of chemical modification strategies involves adding to or modifying the 


Table 3.11 Examples of enzyme stabilization 


Enzyme Method Effect 
Glucoamylase Addition of substrate analogs, Enhanced thermal stability 
glucose, gluconolactone 
Lactate dehydrogenase Addition of substrate lactate or Greater thermostability; 
effector fructose-diphosphate destabilized by addition of 
pyruvate substrate 
a-Amylase Addition of 50-70% sorbitol Better storage and thermal 
stability 
Chymotrypsin Addition of 50-90% glycerol Improved resistance to proteolysis 
B-Galactosidase Addition of 5-10% ethanol, 2- Increased heat stability; similar 
propanol levels of methanol, n-propanol 
> destabilize the enzyme 
a-Amylase Addition of Ca?* Greatly enhanced thermostability 
(Bacillus caldolyticus) 
Trypsin Addition of polyalanyl (~10 units More proteolysis, heat 
long) to protein’s amino groups deactivation resistance 
Asparaginase Succinyl substituents added using Protease resistance up 


the acid anhydride 
Glycogen phosphorylase Butyl or propyl substituents added Enhanced thermal stability 
7 using the aldehyde and NaBH, 
Papain Cross-linked using glutaraldehyde Better thermostability 
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R-groups of certain amino acid residues. In these methods, polyamino acid side 
chains may be added to amino groups of the native protein. Acylation and reduc- 
tive alkylation may be used to introduce other substituents. 

Bifunctional reagents such as glutaraldehyde are important in the other class 
of chemical stabilization methods. By cross-linking amino groups, these reagents 
limit access by proteases and may also serve to lock the protein into an active 
configuration. Diimides, which cause formation of amino-carboxyl cross-links, 
may also be used for chemical stabilization. We shall examine these reagents and 
their reactions in more detail when we consider their use for enzyme immobil- 
ization. 


3.8 ENZYME REACTIONS IN HETEROGENEOUS SYSTEMS 


Our attention to this point has been concentrated on enzymes in solution acting 
on substrates in solution. This is not a universal situation, as we have already 
hinted in Fig. 2.27. In that diagram of a procaryote, it was indicated that some of 
the cell’s enzymes are attached to the cell membrane. Similar features are found 
in eucaryotes. In mitochondria, for example, the enzymes for a very complicated 
chain of reactions are bound to a convoluted internal-membrane system (see 
Chap. 5). 

Many other combinations of enzyme and substrate physical states arise in 
nature and technology, as Fig. 3.31 illustrates. The kinetics of enzymes in solu- 
tion acting on insoluble substrates will be examined next. In the next chapter, we 
shall analyze reactions of soluble substrates catalyzed by enzymes attached to 
surfaces. 

Sometimes only the soluble form of a substrate which may also exist as a 
Separate phase is suitable for enzyme catalysis. An example is evident in the data 
shown in Fig. 3.32. Since all molecular species have a finite aqueous solubility, a 
small amount of substrate will always be in solution to supply the enzyme. This 
may be so slow a process, however, that the rate is nil for practical puposes. Let 
us turn next to some examples of the opposite sort. 

One of these is the hydrolysis of methyl butyrate by pancreatic lipase, a fat- 
splitting enzyme which is secreted in the human digestive tract. In contrast to the 
previous example, here the reaction does not occur until an insoluble form (liquid 
droplets) of the substrate is available (Fig. 3.33). Apparently the enzyme is active 
only at the liquid-liquid interface. Recalling the possibility of enzyme denatura- 
tion by interfacial tension, it is interesting to note that the bile salts, natural 
surfactants which are also secreted into the digestive tract, may adsorb on fat 
droplets and reduce the interfacial forces, just as with surfactant foam fractiona- 
tion mentioned above. 

Other enzymes are active toward both the soluble and insoluble form of the 
substrate. Trypsin, a protease, is found to digest both free lysozyme and lysozyme 
adsorbed on the surface of kaolinite. A second enzyme which hydrolyses both 
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Figure 3.31 Enzymes in several different states catalyze reactions of substrates in various forms. The 
classical solution case is only one of a broad spectrum of possible enzyme-substrate interactions. 
(Reprinted from A. D. McLaren and L. Packer, “Some Aspects of Enzyme Reactions in Heterogeneous 
Systems,” Adv. Enzymol. Rel. Sub. Biochem., vol. 33, p. 245, 1970.) 


soluble and “insoluble” substrates is lysozyme itself. As noted earlier, lysozyme is 
active in splitting the bacterial cell wall. However, it also catalyzes the break- 
down of soluble oligomers derived from the cell-wall polymer (Sec. 3.4.2). 

An interesting variation on the kinetic equations derived earlier arises when 
enzyme in solution acts on an insoluble substrate by absorbing onto the surface 
of the substrate. In contrast to previous cases, where the reaction rate increases in 


1.0 


carboxylesterase 


Figure 3.32 Reaction only of 
Solubility limit soluble-substrate form. (Re- 
printed by permission from M. 
Dixon and E. C. Webb, “ En- 
zymes,” 2d ed., p. 90, Academic 
Substrate concentration ——> Press, Inc., New York, 1964.) 
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Interfacial areas, cm? /mL 
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l 
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Velocity of pancreatic 
lipase-catalysed hydrolysis 


0 0.5 1.0 1.5 2.0 
Total concentration methylbutyrate, X saturation 


Figure 3.33 Reaction at liquid-liquid interface. (Reprinted by permission from L. Sarda et P. Des- 
nuelle, “ Action de la Lipase Pancréatique sur les Esters en Emulsion,” Biochim. Biophys. Acta, vol. 30, 
p. 513, 1958.) 


direct proportion to total enzyme concentration, a limiting rate is approached as 
enzyme concentration is increased. This behavior is evident in kinetic data for 
hydrolysis of a solid cube of protein (specifically thiogel, a cross-linked gelatin) 
under the action of trypsin (Fig. 3.34). 

To develop a reasonable model for heterogeneous kinetics, we begin by turn- 
ing the tables: the enzyme now adsorbs on the substrate. Letting A denote a 
vacant site on the substrate surface, we assume the following equilibrium: 


kas 


E+A EA (3.86) 


kacs 


If a is the total number of moles of adsorption sites on the substrate surface per 
unit volume of the reaction mixture, we have 


ay = a + (ea) (3.87) 
Combining this with the equilibrium relation for enzyme adsorption (3.86) gives 
aoe : kaes . 
= h = 3.88 
(ea) Kae wit K, ae (3.88) 


The development is completed by assuming that the hydrolysis is accomplished 
by irreversible decomposition of the EA complex. Consequently 
kage 
v = k,(ea) = K 


ate 


(3.89) 


Recalling our notation conventions, e is the concentration of free enzyme and 
is related to the total concentration e, at the start of the“experiment by 


eo=e+(ea) .- Aa (3.90) 
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Figure 3.34 Dependence of the rate of disappearance of 

solid substrate (thiogel) on the concentration e of enzyme 

in solution. (Data of A. G. Tsuk and G. Oster, “ Determina- 

0 20 40 60 80 tion of Enzyme Activity by a Linear Measurement,” Nature 
e0, mg/L (London), vol. 190, p. 721, 1961.) 


If the initial concentration of enzyme is much larger than that of substrate (eo > 
dy), We May assume to an excellent degree of approximation that 


ly Ve (3.91) 
k3a9 eo 
= 3.92 
so that Kite, (3.92) 


The situation eo > dg is not at all uncommon for reactions involving solid sub- 
strates. For example, the data in Fig. 3.34 were obtained in an experiment for 
which eo/a was approximately 4000. This case contrasts sharply with reactions 
in solution, where sọ is typically much larger than eg. 

Rate equation (3.92) reveals that a Lineweaver-Burk double-reciprocal plot 
(I/v vs. 1/e9) should be linear. This indeed occurs, as Fig. 3.35 demonstrates. In 
Fig. 3.35a, the data shown in Fig. 3.34 have been replotted. The other part of the 
figure illustrates a similar result for another soluble-enzyme solid-substrate 
system. 

Many potential microbial nutrients begin as solid particles (in waste streams, 
lakes, compost piles, etc.). Hydrolysis of these particles by extracellular enzymes 
is clearly necessary before the cell can absorb or pump the then solubilized 
nutrient through its own membrane. Also, cellulose hydrolysis by cellulase en- 
zymes requires initial breakdown of insoluble particulates. Hence we can expect 
the enzyme kinetics in this section to be of importance in such particle-substrate 
reactors. 

Before leaving this topic, we should emphasize two further points: (1) The 
development above is not necessarily restricted to solid substrates. It has also 
been applied to a dispersed phase of immiscible liquid substrate, e.g., the system 
shown in Fig. 3.33; (2) we have ignored possible differences in concentrations 
between bulk fluid phases and interfaces. Thésé will be examined explicitly in the 
next chapter. 
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Figure 3.35 (a) Double-reciprocal plot of the data in Fig. 3.34. (b) Another double-reciprocal plot for 

digestion of an insoluble substrate (poly-B-hydroxybutyrate particles) by an enzyme (depolymerase of 

P. lemoignei) in solution. ( Reprinted from A. D. McLaren and L. Packer, “Some Aspects of Enzyme 
. Reactions in Heterogeneous Systems,” Adv. Enzymol. Rel. Sub. Biochem., vol. 33, p. 245, 1970.) 


PROBLEMS 


3.1 Determination of K,, and v., Initial rates of an enzyme-catalyzed reaction for various substrate 
concentrations are listed in Table 3P1.1. 

(a) Evaluate vma and K,, by a Lineweaver-Burk plot. 

(b) Using an Eadie-Hofstee plot, evaluate v,,, and Kn- 

(c) Calculate the standard deviation of the slope and intercept for each method. 
3.2 Batch enzymic reaction An enzyme with a K,, of 1 x 10-3 M was assayed using an initial sub- 
strate concentration of 3 x 1075 M. After 2 min, 5 percent of the substrate was converted. How much 
substrate will be converted after 10, 30, and 60 min? 
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Tabie 3P1.1 


s. mol/L v, mol/(L-min) x 106 


4.1 x 1073 177 
9.5 x 1074 173 
5.2 x 1074 125 
1.03 x 1074 106 
4.9 x 1075 80 
1.06 x 1075 67 
5.1 x 1076 43 


3.3 Multisite enzyme kinetics Suppose that an enzyme has two active sites so that substrate is con- 
verted to product via the reaction sequence 


E+S 


(ES) (ES) + S (ESS) 


(ESS) ——> (ES) +P (ES) ——> E+P 
3 4 


Derive a rate expression for P formation by assuming quasi-steady state for (ES) and for (ESS). 


3.4 Multiple enzyme-substrate complexes Multiple complexes are sometimes involved in some en- 
zyme-catalyzed reactions. Assuming the reaction sequence 


ky 


S+E 


k 
(ES), (ES), ———> PE 


2 4 
develop suitable rate expressions using (a) the Michaelis equilibrium approach and (b) the quasi- 
steady-state approximations for the complexes. 
3.5 Relaxation kinetics with sinusoidal perturbations As Fig. 3P5.1 indicates, when a reaction system 
at equilibrium (or steady state) is perturbed slightly in a sinusoidal fashion, the concentrations of the 
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Periodic variation of 
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Figure 3P5.1 Response to small-amplitude periodic environmental perturbations. 


reacting species also become sinusoidal. Develop the equations necessary to relate the observed 
concentration fluctuations to the kinetic parameters for the reaction 


k, K 
kz 


A B r=ka-—kb 
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when the medium temperature is oscillated according to 
T = T,(1 + asin wt) where a < 1 
Indicate how you would determine k, and k, from the response of a and b to the periodic iiba: 


tions. 
3.6 Reversible reactions For the reversible reaction 


E+S (ES) E+P 


i 
k-ı 
show that: 

(a) The reaction will proceed far to the right only if k k, > k_ 1k-2. 

(b) The parameters v,, vp, K,, and K, are not independent. 

(c) Under what conditions will a Lineweaver-Burk plot of the equation in part (b) yield useful 
results. 

(d) Integrate dp/dt above to obtain p(t) in terms of t and the value of p at equilibrium 


A= Bp +cia(1~) 


Peq 


(e) If K, = K,, show that B = 0. 

3.7 Enzyme deactivation An enzyme irreversibly denatures according to Eq. (3.77). 

(a) Show that only vma: and not K,, is affected by such a change. 

(b) For enzymes acting on insoluble substrates [Eq. (3.92)}, show that the converse of part (a) 
will appear to be correct if the investigator is unaware that the active enzyme concentration is 
changing. 

3.8 pH dependence An enzyme-catalyzed reaction irreversibly generates protons according to the 
equation >, , 


H,0+E+S* ——» E+SOH+H* 


If the active form of the enzyme is e~, and e~/e = 1.0 at pH = 6.0 = pK, e?-/e~ = 1.0 at pH = 10 = 
pK;: 
(a) Show that the reaction velocity at pH 7.0 is given approximately by 


SK, 


= Pmsx (K+ SXK, +h) 


where h = [H*] 
(b) Integrate the previous equation to show that the time variation of s obeys 
s 
a In = + BlSo — s) + 5(s5 — s*) = vat 
9 


where « and f depend on the initial pH and initial substrate concentration. 
3.9 Inhibitor kinetics A pesticide inhibits the activity of a particular enzyme A, which can therefore be 
used to assay for the presence of the pesticide in an unknown sample. 

(a) In the laboratory, the initial rate data shown in Table 3P9.1 were obtained. Is the pesticide a 
competitive or noncompetitive inhibitor? Evaluate Ki, van and Kp. 

(b) After 50 mL of the same enzyme solution in part (a) is mixed with 50 mL of 8 x 1074 M 
substrate and 25 mL of sample, the initial rate observed is 18 umol/min. What is the pesticide concen- 
tration in the unknown assuming no other inhibitors or substrates are present in the sample? 
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Table 3P9.1 


v, mol/(L-min) x 10° 


s, mol/L No inhibitor 1075 M inhibitor 
3.3 x 1074 56 37 

5.0 x 1074 71 47 

6.7 x 107* 88 61 

1.65 x 1073 129 103 

2.21 x 1073 149 125 


3.10 Kinetics with an ionizing cofactor An enzyme requires the presence of a bound cofactor for the 
enzyme to be in the catalytically active form. The cofactor binds very tightly to the enzyme. A critical 
group on the cofactor has a pK of pK., and the cofactor is only functional when in the deprotonated 
form. The first pK values of the enzyme active site on either side of the PH of maximum activity are 
pK, and pK,. Derive (or simply write down) appropriate velocity expressions for the conversion of a 
single substrate to products when the following conditions apply: 

(a) IPK] < |pK,| <|pK,| 

(b) |pK,| <|pK.| < |pK,| 

(c) pK, = pK, 
3.11 Substrate activation Derive the rate equation for activation by substrate: 


Ks 


E+S ES 


Ks, 


E+S 


k 
ES, = ES,S —*— ES,+P 
S 


Make the usual assumptions: (i) quasi-steady state for intermediates and (ii) concentration of sub- 
strate is much greater than that of the enzyme. 


3.12 Heat generation in enzyme conversions The maximum temperature rise in a cylindrical plug-flow 
reactor can be estimated by a closed heat balance around the conversion of substrate on a single flow 
through the reactor. 

(a) Writing heat generated > heat gained by flowing medium, calculate the maximum tempera- 
ture rise obtainable for a single enzyme-catalyzed reaction in terms of heat of reaction per mole 
reactant AH,, fractional conversion of reactant ô, reactant inlet concentration So, liquid heat capacity 
C,, and AT= Toute = Trater- ` 

(b) For 80 percent hydrolysis of 20% lactose solution (AH, = —7100 cal/g mol), show that the 
maximum temperature rise is only a few degrees Celsius. 

(c) When a cooling jacket is applied to a thin enzyme reactor, the exit centerline temperature is 
approximately given by 


Tou er qos Z 
TE onet wah erf ——— 
Tinet a Tyan 2y at 


where z = column length, t = residence time of fluid, and a = k,/pC,, where k, = overall thermal 
conductivity, p = packed bed density, and erf is the error function (tabulated for the argument, 
2/2 fat, in any handbook). Show that for the conditions of part (b), T* approaches unity rapidly 


(calculate T* when z = 1, 2, 3, 4 in) [W. H. Pitcher, Immobilized Enzymes for Industrial Reactors, 
Academic Press, N.Y. 1975, p. 151.J 
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3.13 The Hill equation for cooperative binding The following simple model is often used to describe 
cooperative (n > 1) binding of substrates (S) to. oligomeric proteins (E,): 


nS +E, E,S, 


Develop a simple graphical method for evaluation of n from measurements of E,5,.- 


3.14 Deactivation of a-chymotrypsin Consider the thermal denaturation plus autodigestion protease 
deactivation reactions in Eq. (3.84), where K is the equilibrium constant between E, and E,, and K,, 
is the dissociation constant of the (E,E,,) complex. Assuming (€,€:1) < €a + €;;, determine the concen- 
tration of potentially active enzyme e(=e, + e,;) versus time in a batch reactor. 
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. CHAPTER 
FOUR 


APPLIED ENZYME CATALYSIS 


In this chapter we shall survey some of the applications of enzymes and examine 
immobilized enzyme catalyst formulations which allow sustained, continuous use 
of the enzyme. Since the kinetic properties of these biocatalysts depend upon 
coupled mass transfer and chemical reaction processes, it is also important here 


` to learn how this coupling influences catalyst properties. 


All enzymes used in applications are derived from living sources (Table 4.1). 
Although all living cells produce enzymes, one of the three sources—plant, ani- 
mal, or microbial— may be favored for a given enzyme or utilization. For exam- 
ple, some enzymes may be available only from animal sources. Enzymes obtained 
from animals, however, may be relatively expensive, e.g., rennin from calf’s stom- 
ach, and may depend on other markets, e.g., demand for lamb or beef, for their 
availability. While some plant enzymes are relatively easy to obtain (papain from 
papaya), their supply is also governed by food demands. Microbial enzymes are 
produced by methods which can be scaled up easily. As we shall explore further 
in Chap. 6, recombinant DNA technology now provides the means to produce 
many different enzymes, including those not normally synthesized by micro- 
organisms or permanent cell lines, in bacteria, yeast and cultured cells. Moreover, 
due to the rapid doubling time of microbes compared with plants or animals, 
microbial processes may be attuned more easily to the current market demands 
for enzymes. On the other hand, for use in food or drug processes, only those 
microorganisms certified as safe may be exploited for enzyme production. 

While all enzymes used today are derived from living organisms, in this 
chapter we consider only enzymes which are utilized in the absence of life. Such 
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biological catalysts include extracellular enzymes, secreted by cells in order to 
degrade polymeric nutrients into molecules small enough to permeate cell walls. 
Grinding, mashing, lysing, or otherwise killing and splitting whole cells open 
frees intracellular enzymes, which are normally confined within individual cells. 

Certain applications of enzymes demand thé use of a relatively pure extract. 
For example, glucose oxidase for desugaring of eggs must be free of any protein- 
splitting enzymes, and proteolytic enzymes injected into animals for meat tender- 
ization just before slaughter must not contain any compounds which would 
cause a serious physiological reaction. Other examples requiring relative purity 
include enzymes in clinical diagnosis and some enzymes in food processing. 

Studies of enzyme kinetics have been generally carried out with the purest 
possible enzyme preparations. As indicated in Chap. 3, such research also in- 
volves the fewest possible number of substrates (one if achievable) and a con- 
trolled solution with known levels of activators (Ca?*, Mg?*, etc.), cofactors, 
and inhibitors. The results of these studies provide the clearest picture of enzyme 
kinetics. 

Many useful industrial enzyme preparations are not highly purified. They 
contain a number of enzymes with different catalytic functions and, under most 
conditions, are not used with anything approaching either a pure substrate or a 
completely defined synthetic medium in the sense discussed in Chap. 3. Also, the 
simultaneous use of several different enzymes may be more efficient than sequen- 
tial catalysis by a separated series of the enzymes. In spite of this added complex- 
ity, such enzyme preparations are kinetically more simple than the integrated 
living organisms from which they are produced and are thus logically considered 
before the chapters dealing with cellular metabolism and industrial biotechnolog- 
ical routes of product synthesis. 


4.1 APPLICATIONS OF HYDROLYTIC ENZYMES 


The action of hydrolytic enzymes is important not only in obvious macroscopic 
degradations such as food spoilage, starch thinning, and waste treatment, but 
also in the chemistry of ripening picked green fruit, self-lysis of dead whole cells 
(autolysis), desirable aging of meat, curing cheeses, preventing beer haze, texturiz- 
ing candies, treating wounds, and desizing textiles. These and other uses, the 
enzymes involved and their sources, will occupy our attention in this section. 

A general classification of the major hydrolytic enzymes is given in Table 4.2. 
The three groups of enzymes are those involved in the hydrolysis of ester, 
glycosidic, and various nitrogen bonds, respectively. Finer classification of all 
such enzyme groupings are available and in common use. For the present, we 
shall simply point out that some enzymes catalyze the hydrolysis of a large 
variety of glucose linkages, for example, whereas other enzymes may catalyze the 
hydrolysis of only one glucose oligomer. Thus; the name of the enzyme by itsélf is 
hot necessarily indicative of the precise substrate specificity. 
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Table 4.2 Hydrolytic enzymes* 

Snare a a a 
Enzyme Substrate Hydrolysis product 
aaam 
Esterases: 


Lipases Glycerides (fats) Glycerol + fatty acids 
Phosphatases: 
Lecithinase Lecithin Choline + H,PO, + fat 
Pectin esterase Pectin methyl ester Methanol + 
polygalacturonic acid 
Carbohydrases: 
Fructosidases Sucrose Fructose + glucose 
a-Glucosidases (maltase) Maltose Glucose 
B-Glucosidases (cellobiase) Cellobiose Glucose 
B-Galactosidases (lactase) Lactose Galactose + glucose 
Amylases Starch Maltose or glucose + 
maltooligosaccharides 
Cellulase Cellulose Cellobiose 
Cytase E E ae E E EE E Simple sugars 
Polygalacturonase Polygalacturonic acid Galacturonic acid 
Nitrogen-carrying compounds 
Proteinases Proteins _ Polypeptides 
Polypeptidases Proteins Amino acids 
Desaminases: 
Urease Urea CO, + NH, 
Asparaginase Asparagine Aspartic acid + NH, 
Deaminases Amino acids NH, + organic acids 


tH. H. Weiser, Practical Food Microbiology and Technology, p. 37, Avi Publish- 
ing Co., Westport, Conn., 1962. 


We should again note here that most enzymes have been named according to 
the chemical reactions they are observed to catalyze, rather than according to 
their structure. Since a one-enzyme-one-reaction uniqueness does not generally 
exist, enzymes from different plant or animal sources which catalyze a given 
reaction will not always have the same molecular structure or necessarily the 
same kinetics. Consequently, maximum reaction rate, Michaelis constant, pH of 
optimum stability or activity, and other properties will depend on the particular 
enzyme source used. 

Many hydrolases are directed to specific compartments separated from the 
cytoplasm by membranes. This serves the obvious purpose of protecting essential 
cytoplasmic bipolymers from degradation. Gram-positive bacteria secrete a vari- 
ety of hydrolases into their environment. With their double membrane outer 
envelope, gram-negative bacteria have available the periplasmic space which 
safely stores a variety of hydrolases. In eucaryotes, hydrolases may be stored 


' The international classification scheme of the Enzyme Commision was outlined in Table 3.1. 
For further information on classification, see M. Dixon and E. C. Webb, Enzymes, 3d ed., chap. 5. 
Academic Press, Inc., New York, 1979. 
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inside the cell in membrane-enclosed lysosome organelles, reside in the periplasm 
in microbes like yeast, or be secreted into the environment. Most hydrolytic 
enzymes used commercially are extracellular microbial products. 

A few hydrolases are found in the cytoplasm, however. These serve impor- 
tant recycle functions in the cell’s use of chemical resources. Intracellular hydro- 
lases have significant implications in genetic engineering technology (Chap. 6). 

Since water is an omnipresent substrate at roughly 55 M concentration, and 
since hydrolytic enzymes are normally associated with degradative reactions, e.g., 
conversion of starch to sugar, proteins to polypeptides and amino acids, and 
lipids to their constituent glycerols, fatty acids and phosphate bases, the follow- 
ing discussion is organized around the various possible polymer substrates. It 
should be noted, however, that several recent experimental processes for polypep- 
tide synthesis have employed these naturally hydrolytic enzymes in media with 
low water activity. Under these circumstances, the reverse, synthetic reaction can 
be catalyzed in some cases. 


4.1.1 Hydrolysis of Starch and Cellulose 


Amylases are extensively applied enzymes which can hydrolyze the glycosidic 
bonds in starch and related glucose-containing compounds. To appreciate the 
distinction between the two major types of amylases, we should recall that starch 
contains straight-chain glucose polymers called amylose and a branched com- 
ponent known as amylopectin. The branched structure is relative more soluble 
than the linear amylose and is also effective in rapidly raising the viscosity of 
starch solution. The action of «-amylase reduces the solution viscosity by acting 
randomly along the glucose chain at a-1,4 glycosidic bonds: a-amylase is often 
called the starch-liquefying enzyme for this reason.’ B-Amylase can attack starch 
a-1,4 bonds only on the nonreducing ends of the polymer and always produces 
maltose when a linear chain is hydrolyzed. Because of the characteristic produc- 
tion of the sugar maltose, B-amylase is also called a saccharifying enzyme. A 
soluble mixture of starch and B-amylase yields maltose and a remainder of dex- 
trins, starch remnants with 1,6 linkages on the end. B-Amylase cannot hydrolyze 
these bonds. 

Another saccharifying enzyme, amyloglucosidase (also called glucoamylase, 
among other names) attacks primarily the nonreducing a-1,4 linkages at the ends 
of starch, glycogen, dextrins, and maltose. (a-1,6 linkages are cleaved by amylo- 
glucosidase at much lower rates.) Sequential treatment with «-amylase and 
glucoamylase or enzyme mixtures are utilized where pure glucose rather than 
maltose is desired: in distilleries (as opposed to breweries) and in the manufac- 
ture of glucose syrups (corn syrup) and crystalline glucose. It is estimated that 
1.35 billion pounds of glucose were produced by this method in the United States 


t x-Amylase action is apparently random with long-chain substrates but shows subsite structure 
specificity for shorter oligomers. Po 
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Table 4.3 Common applications of amylase preparationst 


Industry Use 
i O 
Glucose and Total or partial hydrolysis of corn starch by amyloglucosidase or a-amylase to 
syrup give a large quantity of sweeteners 
Brewing Conversion of crushed grain starch to maltose (a suitable dissacharide 
substrate for yeast fermentation) 
Breadmaking Leavening: Conversion of sufficient starch to fermentable saccharides needed 
: for carbon dioxide generation 
Fruit juice Hydrolysis of starch causing turbidity due to insolubility 
Papermaking a-Amylase action to liquefy starch coatings to a desired viscosity for 


application to fibers (variable-weight papers) 
Textiles Sizing: a-Amylase activity to liquefy starch; resulting solution tised to 
strengthen warp threads before weaving 


Desizing: «,B-Amylase action to remove size from woven material so that all 
threads will dye uniformly and fabric will have desired texture 


Candy Production of candy of desired softness 


t Adapted from H. H. Weiser, Practical Food Microbiology and Technology, p. 37, Avi Publish- 
ing Co., Westport, Conn., 1962. 


in 1971. This and other applications given in Table 4.3 make these enzymes one 
of the most important groups in commercial use. The relative proportions of a- 
and B-amylase selected in various applications depend on the result desired. 

The sources of amylases are very numerous. This is not surprising since 
starch is a common form of carbon fuel for many life forms. Amylases are pro- 
duced by a number of bacteria and molds; an important example is the amylase 
produced by Clostridium acetobutylicum which is Clearly involved in the micro- 
bial conversion of polysaccharides to butanol and acetone. Commercial amylase 
preparations used in human foods are normally obtained from grains, notably 
barley, wheat, rye, oats, maize, sorghum, and rice. The ratio of saccharifying to 
liquefying enzyme activity depends not only on the particular grain but also 
upon whether the grain is germinated. In the production of malt (softened, ger- 
minated barley) for brewing, the ungerminated seeds are exposed to a favorable 
temperature and humidity so that rapid germination occurs, with resulting large 
increase in «amylase. The germinated barley is then kiln-dried slowly; this halts 
all enzyme activity without irreversible inactivation. The dried malt preparation 
is then ground, and its enormous liquefying and saccharifying power (to convert 
starches to fermentable sugars) is utilized in the subsequent yeast fermentation. 

The other carbohydrases listed in Table 4.1 also cleave glycosidic bonds. 
Increased yields of glucose from starch have been reported by application of 
pullulanase in conjunction with amylase treatment. Pullulanase hydrolyzes 1-6 
glycosidic branching bonds selectively. Splitting lactose into the sweeter compo- 
nents glucose and galactose by lactase is common in the manufacture of ice 
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cream products. A related enzyme, invertase hydrolyzes sucrose and poly- 
saccharides containing a f-p-fructofuranosyl linkage. The enzyme name derives 
from the early observation that the hydrolyzed sucrose solution containing fruc- 
tose and glucose rotates a polarized light beam in the direction opposite that of 
the original solution. The partially or completely hydrolyzed solution allows two 
properties desirable in syrup and candy manufacturing: a slightly sweeter taste 
than sucrose and a much higher sugar concentration before hardening. 

Substantial research and development efforts worldwide have focused on 
enzymatic hydrolysis of cellulose. To begin our overview on this process, we should 
emphasize that cellulase, the name usually used to describe the enzyme material 
active in depolymerizing cellulose, is a complex mixture of several different en- 
zymes. Furthermore, the different enzymes present and their relative quantities 
depend upon the microorganism used for cellulase production and, in some situa- 
tions, oh the enzyme production process. As mentioned in the lignocellulosics 
discussion in Chap. 2, biomass and waste materials from different sources have 
different physical properties such as crystallinity and surface area and different 
chemical compositions. Through several different pretreatment processes, these 
substrates may be modified to enhance their susceptibility to hydrolysis. Thus, 
the hydrolysis rates and yields achieved in a particular process depend upon 
the interactions of substrate properties, pretreatment effects, and multiple enzyme 
activities and modes of attack. 

Cellulase systems produced by species of Trichoderma fungi are the most 
thoroughly developed and characterized at present. These systems possess three 
major classes of enzymes with different substrates and products as indicated in 
Fig. 4.1. Feedback inhibition of enzyme activity occurs as indicated; kinetic 
models for this reaction network have typically employed Michaelis-Menten ki- 
netics for each step with strictly competitive or noncompetitive inhibition. Many 
other microorganisms including the molds Fusarium solani, Aspergillus niger, 
Penicillium funicolsum, Sporotrichum pulverulentum, Cellulomonas species, 
Clostridium thermocellum, and Clostridium thermosaccharolyticum bacteria pro- 
duce cellulases with distinctive activities and properties. 

Table 4.4 provides further information of the T. viride cellulase system. No- 
tice the use of different “standard” cellulosic substrates for determination of 
characteristic activities. Also important are the enzyme dimensions, which are 
comparable to the microfibril size in native cellulose. Thus, enzyme hydrolysis 
rates depend critically on the crystalline structure of cellulose. Kinetic forms 
which incorporate the influence of crystallinity will be examined in Example 4.1 
below, after a brief overview of chemical and physical pretreatment methods for 
lignocellulosics. 

Insights on the influence of lignin on cellulose digestion are provided by 
studies of chemical pulping of woods. In papermaking, wood chips are treated 
with acid sulfite or alkaline sulfate solutions (Kraft process) at elevated tempera- 
ture and pressure to solubilize lignins and pectins. By varying these conditions 
for four wood species, pulps with different lignin contents were obtained which 
were then treated with sulfuric acid to hydrolyze the accessible cellulosics. The 
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Figure 4.1 Schematic diagram of the substrates, cellulase enzymes, and products in cellulose hydroly- 
sis (— major reaction; --> side pathways; --> inhibition effects.) (Adapted from Y. H. Lee and L. T. 
Fan, “ Properties and Mode of Action of Cellulase,” Advances in Biochemical Engineering (A. Fiechter, 
ed.), vol. 17, p. 101, 1980.) 


Table 4.4 Properties of enzyme classes in the 7. viride cellulase system 


Enzyme class 


B-Glucosidase 
Endo-f-1,4-glucanase Exo-B-1,4-cellobiohydrolase (cellobiase) 

i a a a a el ee ee te 
Standard Carboxymethylcellulose Avicelt : Cellobiose 

substrate (CMC) 
Inhibitors Cellobiose Glucose (cellobiose) ? 
Approximate 12,500-52,000 46,000 76,000 

molecular 

weight 
Equivalent 34-64 62 16 

sphere 

diameter, A 


nt eer nates oem 
t Avice! is a commercially available crystallized acid-treated cellulose. 


ee 
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Figure 4.2 Experimental data showing the relationship between delignification and cellulose 
digestibility for four different wood species. ( Reprinted by permission from A. J. Baker, “Effect of 
Lignin on the in vitro Digestibility of Wood Pulp,” J. Anim. Sci., vol. 37, p. 768, 1973.) 


results of this experiment (Fig. 4.2) clearly reveal the importance of lignin content 
in restricting biomass digestibility. Other approaches for removing lignins include 
gaseous SO,, mineral acid and lignin-degrading enzyme treatment. Ligninase 
enzymes are produced by several fungi including Sporotrichum pulverulentum and 
Pleurotus ostreatus. 

Cellulose structure—crystallinity, specific surface area and degree of poly- 
merization—can be altered by a variety of pretreatments such as ball or compres- 
sion milling, y-irradiation, pyrolysis, and acidic or caustic chemicals. We shall 
focus here on pretreatment-crystallinity-hydrolysis kinetics interactions as an ex- 
ample, suggesting further reading in the References for discussions of other as- 
pects. Pretreatment effects on crystallinity are best characterized by x-ray 
diffraction measurements as exemplified in Fig. 4.3a. From such data a crystallin- 
ity index (CrI) may be calculated using an empirical formula which, for the type 
of cellulose considered in Fig. 4.3a, is given by 


ee (ae I(am) n 
Cri(%) = [ hoon x 100% (4.1) 


where I(am) (am = amorphous) and (002) are the diffraction intensities at 20 = 
18.50 and 22.5°, respectively. While not a precise measure of the crystalline frac- 
tion, the CrI values are indicative of the relative crystallinity content and average 
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Figure 4.3 X-ray diffraction patterns of (a) Avicel cellulose subjected to different numbers of passes 
through a two-roll compression mill and (b) after different times in T. reesei cellulase (a through f 
correspond to the reaction time sequence 0, 3, 6, 12, 24, and 36h). Intensities at the two indicated 
diffraction angles 20 = 18.5 and 22.5° are used to evaluate the crystallinity index CrI. (Reprinted by 
permission from (a) D. D. Y. Ryu, S. B. Lee, T. Tassinari, and C. Macy, “Effect of Compression 
Milling on Cellulose Structure and on Enzymatic Hydrolysis Kinetics,” Biotech. Bioeng., vol. 24, p. 
1047, 1982; and (b) S. B. Lee, I. H. Kim, D. D. Y. Ryu, and H. Taguchi, “Structural Properties of 
Cellulose and Cellulase Reaction Mechanism,” Biotech. Bioeng., vol. 25, P. 33, 1983.) 
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Table 4.5 Effects of repeated compression milling on crystal- 
line structure of Avicel cellulose and on overall kinetic proper- 


ties of hydrolysis by T. reesei cellulase 

(Data from D. D. Ryu, S. B. Lee, T. Tassinari, and C. Macy, “ Effect of 
Compression Milling on Cellulose Structure and on Enzymatic Hydrolysis 
Kinetics”, Biotech. Bioeng., vol. 24, p. 1047, 1982.) 


Number Cri, Crystallite pare Keer, VAPP / KRPP, 
of passes % Size, Å ug/mL/min mg/mL h`“! 
0 81 38 
4 74 31 19.6 31.3 0.038 
10 61 21 22.2 20.0 0.067 
20 37 10 23.1 14.8 0.110 
35 17 7 19.3 7.7 0.150 


crystallite size of different cellulose materials. The experimental results in Fig. 
4.3a show clearly the effect of successive compression milling treatments in reduc- 
ing cellulose crystallinity. 

Our earlier discussions of cellulose structure and the activities of the cellulase 
enzyme system suggest that amorphous or paracrystalline regions of the cellulose 
should be hydrolyzed more easily than the crystalline portions, implying an in- 
crease in enzyme hydrolysis rates with decreasing crystallinity. Studies of the 
cellulose materials considered in Fig. 4.3a, treated with crude cellulase from 
Trichoderma reesei MCG-77, confirm this trend (Table 4.5). The parameters in 
Table 4.5 are apparent overall values in a conventional Michaelis-Menten rate 
equation, assuming that no cellobiose is present during the initial rate measure- 
ment. 

Calculation of the time-course of enzymatic hydrolysis of these materials is 
complicated by the change with time of the relative amorphous and crystalline 
content of the cellulosic substrate (see Fig. 4.3b), The following example illus- 
trates application and extension of the approaches of Chap. 3 to address this 
problem. | 


Example 4.1: Influence of crystallinity on enzymatic hydrolysis of cellulose’ Many different kinetic 
models have been formulated for cellulose hydrolysis by celiulase enzyme systems. One which focuses 
on the effect of cellulose crystallinity presumes that cellulase enzymes (here lumped into a single form 
E) adsorbs on the cellulose in state E* 


E E* (4E1.1) 


kg 


Assuming that this adsorption process is at equilibrium and that the enzyme is present at low 
concentration in solution (under practical conditions eg < 0.5 mg protein per milliliter) gives 


e* = Kpe (4E1.2) 


t See D. D. Y. Ryu, S. B. Lee, T. Tassinari and C. Macy, “Effect of Compression Milling on 
Cellulose Structure and on Enzymatic Hydrolysis Kinetics,” Biotech. Bioeng. vol. 24, p. 1047, 1982. 
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The model framework is completed by assuming that adsorbed enzyme catalyzes amorphous (S,) and 
crystalline (S,) cellulose hydrolysis according to the following parallel processes: 


ki, LEA x 
E* +S, = Ei. So EP (4E1.3) 
te : 
kie ka 
E* +S, ===! E'S, 7 E*4P (4E1.4) 


and that the adsorbed and free cellulase binds to inert materials in the cellulose substrate and to 
product, respectively, 


E* +S, = E'S, (4E1.5) 


E+P 


“lr 
1 je 


EP (4E1.6) 


Applying the quasi-steady-state approximation to all enzyme-substrate complexes and using a 
mass balance over all enzyme forms gives the following expression for the initial hydrolysis rate of 
pure cellulosics (s, = 0) at low enzyme concentrations with no product present (p = 0): 


Uae So 
(4E1.7) 


= app 
s=so,p=0,s,=0 Ky + So 


Here, s is the total cellulose concentration (=s, + s,). The apparent maximum velocity and Michaelis 
constants are functions of the initial crystallinity Cry [=5.9/(Sco + S-o)] and the elementary step rate 
constants as follows 


_ Umax, a(l Je Crio) + Vnax,e CILo(K,/K.) 


Vmax = 1 —Crly + (K,/K)Crl, (4E1.8) 
K, = ge eet (4E1.9) 
™~ 1-—Cri, + (K,/K,)Crl 
where 
Vinax.a = K2a€0 Vmax, e = Kre€p 
K, = (1 + KyXk- 34 + koe/Kpki (4E1.10) 


ky (k- la + kaa) 


K/K, ky (k- le + kze) 

The initial rate expression above clearly displays dependence on initial substrate crystallinity 
CrI,. Suitability of this representation of crystallinity effects can be tested simply after noting that the 
pseudo-first-order rate constant v??? /K*?? and the reciprocal apparent Michaelis constant 1/K*?? are, 
according to Eqs. (4E1.8, 9), linear functions of Crio. Experimental measurements of apparent initial 
rate parameters and initial substrate crystallinity for several cellulosic substrates are plotted in this 
form in Fig. 4E1.1. Most of these data are very consistent with the model above, with the greatest 
deviation observed for the pseudo-first-order rate constant data for Solka Floc. 

This result is instructive because it shows how some reasonable hypotheses concerning the 
physical events taking place can lead to a useful functional form for interpreting kinetic data. While 
the initial rate expression given above is somewhat complicated, it is clear on physical grounds that 
the initial hydrolysis rate should depend on each of the parameters -which appear in this equation. In 
addition, the required rate expression to calculate the time course of cellulose hydrolysis in a batch 
reactor is necessarily more complicated since product inhibition [see Eq. (4E1.6)] must be considered. 
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Furthermore, when calculating the change in substrate concentration with time, it must be recognized 
that the substrate is a combination of crystalline and amorphous forms which hydrolyze at different 
rates. Thus, one must calculate the reaction progress not with a single substrate but based upon 
parallel hydrolysis of two substrates. These hydrolysis processes interact because the crystallinity 
parameter changes with time as the relative quantities of amorphous and crystalline cellulose change. 

This example introduces some of the necessary modeling complexities when dealing with biolog- 
ical substrates and catalysts. A general modeling principle for these Systems, to be encountered at 
Many points in our future discussions, is the selection of a biochemical or mechanistic view of the 
Process and a corresponding mathematical representation which focuses on the key variables of 
interest in that particular analysis. Thus, in the example above, the substrate is viewed conceptually as 
different, idealized forms so that the effect of crystallinity can be represented, associated kinetic 
parameters can be evaluated, and the change with time of substrate crystallinity in a batch reaction 
can be calculated. All of the experimental data was obtained for the same cellulase enzyme complex, 
and, consequently, this model did not consider different enzyme forms and their relative quantities. 
Clearly, in a study of cellulases from different sources, it would be necessary to consider the different 
enzymes present and their activities. Ideally we would eventually be able to combine information 
from several careful experimental and modeling studies, such as the one summarized above, on 
different facets of the overall bioconversion system to develop a master model which would represent 
a more complete spectrum of catalyst and substrate properties. 


To conclude the overview of cellulose utilization, we should mention that 
numerous physicochemical alternatives exist for cellulose decomposition. Im- 
proved acid hydrolysis processes have been proposed recently in which high 
temperature/short time contacting is employed to achieve the desired breakdown 
while minimizing side product formation. Pyrolysis is another approach with 
significant potential. Other Strategies under study, in development or in use for 
lignocellulose utilization include screw extrusion, treatment with heterogeneous 
catalysts, fluidized-bed gasification, and the ancient method: combustion. 


4.1.2 Proteolytic Enzymes 


The varieties and uses of enzymes which attack nitrogen-carrying compounds 
selectively, especially proteins, are quite large. As with the amylases, the mode of 
attack on polyamino acids is either on terminal groups (exopeptidases) or inter- 
nal linkages (endopeptidases). 

Since enzymes, the essential catalysts of living organisms, are themselves 
protein, it is not surprising that protein-splitting enzymes are often initially syn- 
thesized in an inactive form. The enzyme is synthesized in an inactive form suit- 
able either for storage or for transport from the site of synthesis to the desired 
site of activity, as is the case for pepsin, trypsin, chymotrypsin, and carboxypepti- 
dase. Activation of these proteolytic enzymes is then accomplished in one of two 
ways (Fig. 4.4). It is interesting to note that the activation of pepsin and trypsin is 
autocatalytic: the inactive enzyme precursor is a substrate for the active form of 
the enzyme, the reaction product being more of the activated enzyme. Equally 
interesting is the fact that further proteolytic attack is not observed after the 
initial conversion of inactive trypsin or pepsin to the active form. A second group 
of enzymes, typically exopeptidases, require ‘one or perhaps several specific metal 
ions for activation. Dialysis of the enzyme-containing solution with resultant loss 
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(a) From a precursor 


; H4 pepsin 
Pepsinogen —---————> Pepsin + X 
MW = 42,000 MW = 38,000 MW = 4000 
trypsin 


Trypsinogen —-—-—————> Trypsin 
MW = 34,000 enterokinase MW = 34,000 


trypsin 
Chymotrypsinogen ————~———-> Chymotrypsin 


; trypsin 
Procarboxypeptidase —-—-~————-> Carboxypeptidase 


(b) By presence of a metal ion 


Glycylglycine dipeptidase (inactive) + Cott + Mgtt 
——————> Glycylglycine peptidase (active) 


Leucine aminopeptidase (inactive) + (Mn** or Mg**) 
—_——— > Leucine aminopeptidase (active) 


Figure 4.4 Activation of proteolytic enzymes. (a) From a precursor, and (5) by presence of a metal | 
ion. 


of metal ions is a standard form of determining specific metal ion requirements of 
enzymes and cell life in general. 

The commercial sources of proteases include animals (pancreas) and large 
plants (sap, juices) as well as yeasts, molds, and bacteria. Some of them are listed 
in Table 4.1, along with the corresponding applications. 

The major uses of free proteases occur in dry cleaning, detergents, meat 
processing (tenderization), cheesemaking (rennin only), tanning, silver recovery 
from photographic film (pepsin), production of digestive aids, and certain medi- 
cal treatments of inflammations and virulent wounds. Enzymes were used in 
laundry aids as early as 1913. During the late 1960s an explosive increase in 
protease utilization in detergents occurred. The enzymes used facilitate spot re- 
moval; they are a mixture of bacterial neutral and alkaline proteases which are 
active over the pH range of 6.5 to 10 and temperatures from 30 to 60°C. A peak 
in this enzyme application occurred in 1969 when 30 to 75 percent of all Euro- 
pean detergents and about 40 percent of detergents in the United States con- 
tained enzymes. However, subsequent warnings from the U.S. Federal Trade 
Commission caused concern about health hazards from these preparations, and 
this enzyme market plummeted in 1970 and 1971. Following retraction of the 
Trade Commission warning and use of modified manufacturing procedures to 
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minimize enzyme dust formation (by “wax coating”), a partial recovery followed, 
with the 1980 United States demand for detergent bacterial protease estimated at 
6 million dollars. . 

The tenderization of individual meat pieces by commercial tenderizer prod- 
ucts depends on proteolytic action of the relatively inexpensive and nonheat 
labile plant proteases papain and bromelain. Aging of whole meat carcasses prior 
to cutting and packaging is normally accomplished by controlled partial self- 
digestion (autolysis) of the bled meat at about 15°C in the presence of ultraviolet 
light, which acts as a germicidal agent preventing the concurrent surface growth 
of undesirable microorganisms. 

Ground pancrease preparations from different animal sources contain all the 
digestive proteases, including trypsin as well as lipases and amylases. These ob- 
viously digestive mixtures are useful in dehairing animal hides and for simulta- 
neous removal of other noncollagen protein from the hides. Since pepsin itself 
attacks collagen, the fibrous skin protein which is converted into leather, this 
proteolytic enzyme is useless in tanning. 

In the dairy industries, rennin (or rennet) is the single most important en- 
zyme. It acts by removing a glycopeptide from soluble calcium casein to yield a 
relatively insoluble calcium paracaseinate, which precipitates to form the desired 
curd. Other proteases are also effective in converting calcium caseinate to cal- 
cium paracaseinate. However, these enzymes normally continue the proteolysis 
much further, and thus curd formation is prevented since the later degradation 
products are more soluble. Shortages of animal rennin have stimulated develop- 
ment of suitable microbial rennin enzymes, and these are now used commercially. 
Genetic engineering methods have also been applied to produce calf rennet in 
microorganisms. 

Clinical and medicinal applications of proteolytic enzymes include both di- 
gestive aids and cleansers of serious wounds. Since enzymes are proteins, diges- 
tive enzyme aids are suitably coated to protect the enzyme during passage 
through the stomach, where the acid environment could cause protein denatura- 
tion. The sources of enzymes shown in Table 4.1 are all nonhuman. Injection of 
some foreign proteases (pig trypsin differs from human trypsin) into human 
beings has been used to reduce tissue inflammation: the highly purified crystalliz- 
able form of the enzyme minimizes immune system response. The natural de- 
fenses of live cells against protease attack are usually inactivated in dead cells. 
This convenient difference allows application of solutions of proteases to virulent 
or oozing wounds: selective liquefaction of the dead tissue and cells is achieved, 
which facilitates wound drainage and thereby decreases the time needed for heal- 
ing. 

Proteolytic enzymes, especially trypsin, apparently reduce inflammation and 
swelling associated with internal injuries and infections by dissolving blood clots 
and extracellular-protein precipitates, by locally activating other body defenses 
which do the same thing, or both. Some severe lung infections resulting in accu- 
mulation of viscous lung deposits have been reduced successfully or eliminated 
by proteolytic enzyme.administration. 
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4.1.3 Esterase Applications 


This group of enzymes carries out the cleavage or synthesis of various ester 
bonds to yield an acid and an alcohol: 


R,COOR. + H,O R,COOH + R,OH 


The most important subgroups of these enzymes are the lipases, which hydrolyze 
fats into glycerol and fatty acids: 


H,C—OR, H,COH R,OOH 
lipase + 

HC—OR, === HCOH + R,OOH 
=o 

Lipid Glycerol Fatty acids 


Pancreatic lipase, secreted into the digestive tract following neutralization of 
stomach-imparted acidity, splits ingested fats into fatty acids as well as the inter- 
mediate products of mono- and diglycerides. As mentioned in Chap. 3, the in- 
solubility of higher-molecular weight fats apparently requires the enzyme to act 
at the water-fat interface in order to yield an appreciable rate of hydrolysis (see 
Fig. 3.33). 

The specificity of lipases and a second group of esterases known as aliester- 
ases is not extreme. Lipases are active toward hydrolysis of high-molecular 
weight fats and inactive toward the hydrolysis of fats formed from short-chain 
fatty acids: the reverse applies to aliesterases. The activity of the former is in- 
creased both by surfactants, e.g., bile salts, which tend to stabilize high-surface 
area emulsions, and by calcium ions, which apparently precipitate the fatty acid 
hydrolysis products or complex with them. This removes the free fatty acids, 
which otherwise tend to act on the lipase in an inhibitory manner. 

In aerobic waste-digestion processes like those occurring in natural water 
and in activated-sludge treatments (Chap. 14), mass transfer of sufficient oxygen 
is necessary to maintain the desired life forms. Since oxygen transport is rela- 
tively slow through fats, thin layers of such fats must often be continuously 
removed from the surface of aerated oxidation tanks in treatment plants; the 
skimmed fat-rich liquid is then digested by cells which are able to manufacture 
extracellular lipases. Formation of a continuous oil or fat layer over natural 
water will often quickly cut off the supply of dissolved oxygen with the resulting 
death of macroscopic and microscopic oxygen-requiring life which cannot pierce 
the layer. 

In the meat processing industry, the production of relatively fat-free meats 
can be carried out by partial fat hydrolysis of the meat cuts using a lipase prepa- 
ration. Drains in food processing or in domestic or industrial waste treatment 
may be clogged by a mixture of biological materials containing proteins, carbo- 
hydrates, and fats. Synthetic mixtures of proteases, various carbohydrases, and 
lipases have been used successfully to control or remedy such problems. 
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4.1.4 Enzyme Mixtures, Pectic Enzymes, 
and Additional Applications 


Mixtures of enzymes, either of the same general type, for example, a- and £- 
amylase, or trypsin and chymotrypsin, or of different types such as found in 


amylase and proteases, claimed to be more effective in removing certain stains 
than is protease alone. 
Oxidation of galactose to galacturonic acid. followed by dehydration and 


latter. 
There are two main applications for pectic enzymes. Crushing fruits and 
vegetables yields juices which have high viscosities, desirable in the production of 


weight yield of juice, allows extraction of greater color from the grape skin, and 
permits faster filtering and pressing. Later addition to the fermented product 
again gives a faster subsequent separation of the wine from the yeast and grape 
sediment and yields a clear wine with an increased Stability (largely resulting 
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Table 4.6 Hydrolytic enzyme applications which are expanding or in de- 
velopment 


Enzyme Process 

Penicillin acylase Production of semisynthetic penicillin core from natural penicillin G 
Lactase Removal of lactose from whey, milk 

Ribonuclease Production of 5’-nucleotides from RNA 

Dextranase Removal of tooth plaque 

Isoamylase Production of maltose from starch 

Keratinase Modification of wool, hair, leather 

Tannase Removal of tannic acid from foods 


from reduction of the suspended protein concentration in the final wine). In both 
these cases, a major use of pectic enzymes is thus the development of a process 
stream with a desirable viscosity and filterability. The application includes bene- 
fits to process economics and the appearance of the product. 

Future utilization of pectic enzymes to treat softwoods is a possibility. When 
trees of this type, e.g., Norway spruce, are felled, they resist penetration by chemi- 
cal preservatives. Pretreatment with pectic enzymes has been shown to improve 
the efficiency of preservative treatment by rendering the wood more permeable. 

Several additional hydrolytic enzymes enjoy small-scale applications, and 
promising new processes using hydrolases are being developed (Table 4.6). 


4.2 OTHER APPLICATIONS OF ENZYMES IN SOLUTION 


While the hydrolytic-enzyme applications considered above dominate past and 
present enzyme technology, other enzyme processes currently serve important 
functions in the food, pharmaceutical, and biochemical industries. Moreover, 
many new applications are emerging, as we shall see in the remainder of this 
chapter. 


4.2.1 Medical Applications of Enzymes 


A rapidly growing area of medicine now involves the use of free or extracellular 
enzymes. A brief listing of some of the more common or promising enzymes in 
diagnosis, therapy, and treatment is given in Table 4.7. 

An enzyme which is present in protective body fluids such as nasal mucus 
and tears is lysozyme, which hydrolyzes the mucopolysaccharides of a number of 
(gram-positive) bacterial cell walls. The enzyme is used as an antibacterial agent 
(it apparently has other catalytic functions as well). 

Initial stages of certain diseases and the presence of internal injuries give rise 
to elevated or depressed levels of enzyme Concentrations in the easily sampled 
body fluids of lymph, blood, and urine. The presence of a given enzyme can 
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Table 4.7 Some enzymes of importance in medicinal applications 


Enzyme Typical application 
a a a a a‘ a a 
Trypsin Anti-inflammation agent, wound cleanser 
Glucose oxidase Glucose test in blood or urine 
Lysozyme (though protein, not Recommended in treatment of certain ulcers, measles, 
affected by trypsin, chymotrypsin, or multiple sclerosis, some skin diseases, and 
papain) postoperative infections (antibacterial agent) 
Hyaluronidase (from beef testicles) Hydrolyses polyhyaluronic acid, a relatively impermeable 


polymer found between human cells; administered to 
increase diffusion of coinjected compounds, €.g., 
antibiotics, adrenaline, heparin, and local anaesthetic 
in surgery and dentistry 


Digestive enzyme (mixtures of amylase, Digestive aids 
lipase, protease, and cellulases) 


Streptokinase Anti-inflammatory agent 

Streptodornase Anti-inflammatory agent; also digests DNA, reducing 
viscosity of wound exudates 

Penicillinase Removal of allergenic form of penicillin from allergic 
individuals 

Urokinase Prevention and removal of blood clots 

Tissue plasminogen activator (TPA) Dissolution of blood clots 

Asparaginase’ Anticancer agent 


eee UO 


usually be detected quite simply by using an appropriate substrate test. Conse- 
quently, assay of enzyme activity in body fluids can be employed as a diagnostic 
tool. Serum enzyme levels provide useful input in diagnosing a number of car- 
diac, pancreatic, muscular, bone, and malignant disorders. 

The enzyme L-asparaginase catalyzes the hydrolysis of .-asparagine 


L-Asparagine + H, L-aspartate + NH, 


Since some cancer cells require L-asparagine, their growth can be inhibited by 
using L-asparaginase to remove this essential nutrient. E. coli is known to pro- 
duce two different asparaginases, only one of which exhibits antilymphoma activ- 
ity. 

As noted earlier, the cell membranes and the intermembrane materials of 
macroscopic animals are relatively impermeable to many substances; in the latter 
example this property is due to the presence of a very viscous polyhyaluronic 
acid. Effective administration of certain drugs and local anaesthetics, e.g., in den- 
tal work, is enhanced by simultaneous injection of hyaluronidase, which partially 
hydrolyzes this cellular diffusion barrier. 

A number of single-cell species can manufacture penicillinase (or f-lacta- 
mase) and thus protect themselves from otherwise lethal levels of the antibiotic 
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penicillin. Human beings do not produce penicillinase: the appearance of allergic 
symptoms in a patient to whom penicillin has been adminstered can be treated 
with injection of penicillinase solutions which, ideally, convert the drug into a 
nonallergenic form. . 

Glucose oxidase catalyzes the oxidation of glucose to gluconic acid 


Glucose + O, + H,O gluconic acid + H,O, 

Since the resulting hydrogen peroxide is noted easily with an appropriate reduc- 
ible indicator, glucose oxidase provides a sensitive specific test for the presence of 
glucose in blood and urine (as in diabetes). Additional medical applications of 
enzymes will be mentioned later during our discussion of immobilized enzymes. 


4.2.2 Nonhydrolytic Enzymes in Current and 
Developing Industrial Technology 


Glucose oxidase, the very useful enzyme just mentioned, finds applications when- 
ever glucose or oxygen removal is desirable. Dried egg powders undergo an 
undesirable darkening due to a reaction between glucose and protein. This reac- 
tion, commonly called a Browning reaction or a Maillard reaction, can be pre- 
vented by addition of glucose oxidase. In the production and storage of orange 
soft drinks, canned beverages, dried food powders, mayonnaise, salad dressing, 
and cheese slices, the presence of oxygen (which would otherwise eventually form 
other oxygenated products associated with undesirable fiavors) is usually avoided 
by addition of glucose oxidase and, in the case of cheese wrapping, glucose itself. 
Since enzyme activity is normally maintained for a long time at storage tempera- 
tures, such enzyme additions also increase the shelf life of food products by 
continually removing the oxygen which diffuses through the food packaging. 

The hydrogen peroxide produced in the glucose oxidase-catalyzed reaction 
has an antibacterial action; if the presence of hydrogen peroxide is undesirable in 
the product, catalase is added, which catalyzes the reaction 


2H,O, 2H,0 + O, 

With catalase present this reaction proceeds very quickly [tyax/€o = 1.2 x 
107 (s-M)~!, K„ = 1077 M]. Because of its rapid action to decompose peroxide, 
catalase is used in the rinse for some hair dyes. 

Besides these established applications, those listed in Table 4.8 are now being 
studied, and some are being implemented commercially. One of the commercially 
important cases is use of glucose isomerase to produce fructose from glucose. 
Since this process and some others in this list are often accomplished with en- 
zymes in an immobilized form, we consider them in greater detail in the next 
section. 
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Table 4.8 Some recent applications or promising future uses for nonhydro- 
lytic eazymest 

Production of L-malate from fumarate by fumarase 
Production of L-aspartate from fumarate by aspartase 

Production of ATP from adenine by microbial enzymes 

Production of NAD from adenine and nicotinamide by microbial enzymes 

Production of fructose from glucose by glucose isomerase 

Production of fructose from sorbitol by sorbitol dehydrogenase 

Resolution of DL-amino acids by immobilized aminoacylase 

Production of L-tyrosine and L-dopa by tyrosine phenol-lyase 

Production of L-dopa from the corresponding «-keto acid by transaminase 

Enzymatic production of L-tryptophan from indole, pyruvate, and ammonia 

Enzymatic production of L-lysine from a-amino-é-caprolactam 

Transformation of saturated fatty acids to polyunsaturated fatty acids by fatty acid desaturase 


Production of galactonolactose from whey using glucose oxidase and galactose oxidase 
eee 

t From E. K. Pye and L. B. Wingard (eds.), Enzyme Engineering, p. 365, Plenum Press, 
New York, 1973. 


4.3 IMMOBILIZED-ENZYME TECHNOLOGY 


Immobilization of an enzyme means that it has been confined or localized so that 
it can be reused continuously. There are several reasons why immobilization may 
be desirable: for processing with isolated enzymes, an immobilized form can be 
retained in the reactor. With enzymes in solution, on the other hand, some en- 
zymes will leave the reactor with the final product. Not only must new enzymes 
be introduced to replace the lost ones, but enzymes in the product may be unde- 
sirable impurities which must be removed. Also, as we saw in Chap. 3, immobi- 
lized enzymes may retain their activity longer than those in solution (Fig. 3.6). 
Finally, an immobilized enzyme may be fixed-in position near other enzymes 
participating in a catalytic sequence, thereby increasing the catalyst efficiency for 
the multistep conversion. 

These characteristics make immobilized enzymes attractive if a very large 
throughput of substrate is required and/or the enzymes involved are expensive. 
Moreover, the ability to confine an enzyme in a well-defined, predetermined 
space provides opportunities for applications unique to immobilized enzymes. In 
the next section we examine methods of enzyme immobilization. This is followed 


by a summary of some present and potential applications of immobilized en- 
zymes. =- 
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4.3.1 Enzyme Immobilization 


Many methods are available for enzyme immobilization. As we shall see below, 
the immobilization method used greatly influences the properties of the resulting 
biocatalyst. Thus, the selection of an immobilization strategy derives from pro- 
cess specifications for the catalyst including such parameters as overall catalytic 
activity, effectiveness of catalyst utilization, deactivation and regeneration charac- 
teristics and, of course, cost. Also, toxicity of immobilization reagents should be 
considered in connection with immobilization process waste disposal and in- 
tended application of the immobilized enzyme catalyst. 


(a) Chemical methods 
M = Water-insoluble matrix 
E = Enzyme 


E 


E 


Enzyme attachment to 
matrix by covalent bonds 


Enzyme cross-linking by 


Cross-linked f ; 
multifunctional reagent 


enzyme 
matrix 


(b) Physical methods 
ZEZ) ULLLLLL LZ A EZZZZ = 


Ge DE GE SUE SBE LEX G7 


PLLLLLLLA ELLLL 277] EZ i ; 
Enzymes entrapped in spun fibers 


Enzymes entrapped in 
a porous hollow fibre 


Enzyme entrapment within 
insoluble gel matrix p Enzyme entrapment within 
a microcapsule 


Figure 4.5 Schematic illustration of several techniques for enzyme immobilization. (a) Chemical 
methods, and (b) physical methods. 
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Table 4.9 Interactions and carriers used for enzyme immobilization by adsorption 
a ee ee 
Interaction Adsorbents 
a rr nn 
Physical adsorption Activated carbon, silica gel, alumina, starch, clay, glass 
Modified materials 
tannin-aminohexyl cellulose, Concanavalin A-Sepharose 
Tonic binding Cation exchangers 
CM-cellulose,t Aberlite, CG-50, Dowex 50 
Anion exchangers 


DEAE-cellulose,t DEAE-Sephadex, polyaminopolystyrene, Amberlite IR-45 
t CM = carboxymethyl; DEAE = diethylaminoethyl. 


The various methods devised for enzyme immobilization may be subdivided 
into two general classes: chemical methods, where covalent bonds are formed 
with the enzyme, and physical methods, where weaker interactions or contain- 
ment of the enzymes are involved (Fig. 4.5). Enzymes may be adsorbed on a 
variety of carriers (Table 4.9), offering in some cases the practical convenience of 
simple regeneration by removal of deactivated enzyme and reloading with fresh, 
active catalyst. If a support or entrapping material is used, its properties com- 
bined with those of the enzyme and the immobilization procedure dictate overall 
catalyst properties. 

Selecting a support for chemical or adsorption immobilization of enzyme 
depends first upon its surface properties: Will the enzyme adsorb on the surface? 
Does the material possess functional groups which can be used for bonding to 
the enzyme? If the native surface is not ideal, can it be chemically modified or 
coated to facilitate enzyme attachment? Table 4.10 lists several materials which 
have been employed for covalent enzyme immobilization and some of their inter- 
esting surface functional groups. Other materials which have been used as immo- 
bilized enzyme supports include ceramics, glass and other metal oxides. 

Protocols for covalent enzyme immobilization often begin with a surface 
modification or activation step. Silanization, coating the surface with organic 
functional groups using an organofunctional silane reagent (for example, 
(CH,;CH,0O),Si(CH,)3;R where R is frequently —NH,), is a widely used 
strategy for initial surface modification of inorganic supports. Such coatings or 


Table 4.10 Insoluble materials and some of their surface 
functional groups useful for covalent enzyme attachment 


Natural supports . Synthetic supports 
Cellulose (—OH) Polyacrylamide derivatives ps 
CM-cellulose (—COOH) (Bio-Gel, Enzacryl) (-aromatic amino) 


Agarose (Sepharose) (—OH) Polyaminopolystyrene (—NH,) 
Dextran (Sephadex) (—OH) Maleic anhydride copolymers 
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native surface amino groups can be derivatized to aldehyde groups using glutar- 
aldehyde, to arylamine groups using p-nitrobenzoylchloride. or to carboxyl 
groups using succinic anhydride. Another commonly studied surface modification 
is attachment of flexible spacer arm moieties (for example, n-propyl amine) to the 
support, to whick enzyme is subsequently linked. This may render the surface 
more “flexible” so it can conform to the enzyme’s structure, thereby retaining to 
a greater extent and potentially stabilizing native catalytic activity. Such modifi- 
cations may also be applied to alter the hydrophobicity or hydrophilicity of the 
support surface. 

Typical examples of immobilization chemistries which utilize these surface 
functionalities and those appearing in Table 4.10 are summarized in Fig. 4.6. We 
should note that each step requires suitably adjusted reaction conditions includ- 
ing pH, ionic strength, and reagent concentration. This information is available 
in the chapter references along with extensive tabulations of specific enzymes 
which have been immobilized by different methods on various supports. Which 
functional groups on the protein are involved in covalent linkages to the support 
surface obviously depends on the immobilization chemistry applied. Taking ad- 
vantage of the available repertoire of surface modification techniques, typically 
there are several options ior immobilizing a particular enzyme to a particular 
support. Clearly, attachment to residues near or in the enzyme active site is to be 
avoided. 

When considering selection of a support and adjustment of its surface prop- 
erties, one must also consider interaction between the support surface and the 
reaction mixture. This interaction may cause the fluid environment adjacent to 
the surface in contact with the enzyme to differ substantially from the bulk fluid 
environment surrounding the immobilized enzyme catalyst. For example, a 
charged support will increase local concentrations of oppositely charged ions. As 
a result, the relationship between bulk solution pH and observed catalytic activi- 
ty can be shifted substantially relative to the pH-activity function observed in 
solution (Fig. 4.7). Similarly, the hydrophobicity or hydrophilicity of the support 
will influence the local concentrations of solutes and solvents according to their 
hydrophobicity/hydrophilicity. l 

Another important role of the support surface is in defining, directly and 
indirectly, the molecular environment of the enzyme. That is, to some degree the 
enzyme will contact, at the molecular level, the support surface. The remainder of 
the immobilized enzyme molecule will be in contact with the local fluid environ- 
ment which is influenced by the support as just outlined. The enzyme molecule is 
structured so as to assume the proper configuration and corresponding activity 
in its native biological environment. Clearly, it is possible by selection of the 
support for an immobilized enzyme to attempt to mimic or to alter substantially 
the local enzyme environment and thereby also to influence the catalytic activity 
of the enzyme and the effect of any modulating factors on activity (and selectivity 
and stability). Efforts to understand enzyme-environment interactions at the mo- 
lecular level and to apply them for improved-understanding of enzymes in nature 
and for optimizing process biocatalysts are active topics of current research and 
development. 
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o 
Z 60 g Ai. 
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Z 30 Figure 4.7 Use of a charged sup- 
> of port gives an immobilized enzyme 
= 40 different apparent pH dependence 
a than the free enzyme. Substrate is 
30 7 oU acetyl-L-tyrosine ethyl ester. (Re- 
printed with permission from L. 
19 Goldstein et al, “A Water-Insolu- 
SE ble Polyanionic Derivative of Tryp- 
10 A N sin. II. Effect of the Polyelectrolyte 
f Carrier on the Kinetic Behavior of 
o A i 2 Bound Trypsin, “ Biochemistry, vol. 
3 4 5 o 7 8 9 10 1 12 3, p. 1913, 1964. Copyright by the 
pH American Chemical Society.) 


The physical and mechanical properties of the support are also important. 
The pore size distribution and porosity of a solid material determines the quanti- 
ty of enzyme which can be immobilized in the support and the accessibility of 
substrate to the enzyme attached to the internal surfaces. The mechanical 
strength of the support influences significantly catalyst suitability for different 
reactor configurations. For example, solid materials highly susceptible to me- 
chanical attrition are undesirable for reactor environments involving agitated 
slurries of catalyst particles, while extremely compressible materials are not suit- 
able for large-scale packed column applications. The swelling properties of the 
support are also important. Additional information on physical properties of 
many potential enzyme support materials and means for support characteriza- 
tion in these respects are presented in the chapter references. 

Enzymes may be cross-linked with several bi- or multifunctional reagents. 
The most widely used method employs glutaraldehyde which establishes inter- 
molecular (and possible intramolecular) cross-links at amino groups as follows: 


E—NH, + OHC(CH,);CHO + H,N—E’ 


—2H,0 


E—N=HC(CH,);CH=N—E’ 
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enzyme in solution is retained by a membrane permeable to substrates, reaction 
products, or both. 

The most widely used system for enzyme entrapment in a polymer lattice is 
polyacrylamide gel made by cross-linking acrylamide in the presence of enzyme 
(E) (Fig. 4.8). As indicated, potassium persulfate (K,S,0,) may be used as a 
polymerization initiator and B-dimethylaminopropionitrile (DMAPN) as an 
accelerator. Reported pore sizes in immobilized enzyme gels prepared by these 
reagents are in the range 100-400 nm, sufficiently small to retain many enzymes, 
which have molecular diameters in the range of 300-2000 nm. 

In the remaining immobilization procedures, the enzyme stays in solution, 
but this solution is physically confined so that the enzyme cannot escape. There 
is a biological analog of these techniques: the lysosome within the cell confines 
hydrolytic enzymes, which would kill the cell immediately if they were released. 
In the artificial immobilization method known as microencapsulation, enzymes 


monomer as one of the reactants and a monomer slightly soluble in both phases 
for the other, the Copolymerization will occur only in the vicinity of the interface. 
Another method for making permanent microcapsules involves coacervation, a 
phase separation in a polymer solution which concentrates polymer at the inter- 
face of a microdroplet. Nonpermanent microcapsules can be made by emulsifying 
an aqueous enzyme solution with a surfactant. This forms capsules surrounded 
by liquid-surfactant membranes which can then be added to an aqueous sub- 
Strate solution. 

Both microencapsulation methods have the potential to offer a very large 
Surface area (for example, 2500cm? per milliliter of enzyme solution) and the 
possibility of added specificity: the membrane can be made in some cases to 
admit some substrates selectively and exclude others: -iir principle these methods 
Should be applicable to a large variety of enzymes. However, the membrane is a 
significant mass-transfer barrier, so that the “effectiveness factor” for the enzymes 
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Figure 4.8 Summary of one procedure for enzyme immobilization by polymer entrapment. Here the 
polymer matrix is comprised of cross-linked acrylamide. 


may be quite small. Also, these techniques are not applicable when the size of the 
substrate molecule approaches that of the enzyme. 

Semipermeable-membrane filtration devices can be used to contain enzyme 
while allowing interchange of smaller molecules with a neighboring solution. A 
continuous flow ultrafiltration concept, illustrated schematically in Fig. 4.9, phys- 
ically retains the enzyme as in microencapsulation. The surface areas separating 
the two solutions are substantially lower when ultrafiltration is used rather than 
microencapsulation, and flow-induced denaturation may occur. The mass- 
transfer rates available through membranes are small and may limit the overall 
rate. However, almost any enzyme or combination of enzymes can be immobi- 
lized in this way. It is advantageous when the substrate has very high molecular 
weight or is insoluble, situations where polyrfier-bound enzymes may typically 
have a small efficiency. Also, the semipermeable membrane will not permit rela- 
tively large product molecules from polymer-hydrolysis reactions to escape from 
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Figure 4.9 Enzyme entrapment on a 


Filtrate macroscale. An ultrafiltration mem- 
containing brane is used to retain enzyme and 
product other large molecules in the reactor. 


the enzyme solution. This provides an interesting method of controlling the mo- 
lecular-weight distribution of the products which ultimately leave the reactor. 


Table 4.11 Comparisons of the characteristics of different methods of enzyme im- 
mobilization j 


(Reprinted by permission Jrom “Immobilized Enzymes, Research and Development”, I. Chibata, ed., p. 
72, Kodansha Lid. Tokyo, 1978) 


Carrier binding method 

=r 

Physical Ionic Covalent Cross-linking Entrapping 
Characteristic adsorption binding binding method method 
Preparation Easy Easy Difficult Difficult Difficult 
Enzyme activity Low High High Moderate High 
Substrate specifici ty Unchangeable Unchangeable Changeable Changeable Unchangeable 
Binding force Weak Moderate Strong Strong Strong 
Regeneration Possible Possible Impossible Impossible Impossible 
General 

applicability Low Moderate Moderate Low High 

Cost of Low Low High Moderate Low 


immobilization 
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of the immobilized enzyme molecule relative to that enzyme’s activity in solution, 
In general, chemical immobilization methods tend to reduce activity in this sense, 
since the covalent bonds formed as a result of immobilization may perturb the 
enzyme’s native tertiary structure. On the other hand, such covalent linkages 
provide strong, stable enzyme attachment and may in some case reduce erzyme 
deactivation rates and usefully alter enzyme specificity. Entrapment and adsorp- 
tion immobilization methods typically perturb the enzyme much less and conse- 
quently offer retention of enzyme properties resembling those in solution. 
However, we must recognize that the overall, observed properties for an immobi- 
lized enzyme catalyst may, because of mass transfer effects, differ significantly 
from the intrinsic properties just discussed. This very important point will be 
developed further and analyzed in Sec. 4.4. Diffusion limitations are generally 
greater for cross-linked and entrapped enzyme catalysts than for carrier-immobi- 
lized enzymes. 


4.3.2 Industrial Processes 


Several large-scale industrial processes already in operation employ immobilized- 
enzyme catalysts at some point. Two notable examples are production of high- 
fructose syrups from corn starch and manufacture of L-amino acids by resolution 
of racemic amino acid mixtures (containing both p and L optical isomers). Also, 
immobilized penicillin acylase has been used commerically in manufacture of 
semisynthetic penicillins. The first application mentioned is the most important 
economically at present. 

D-glucose cannot be substituted directly for sugar (sucrose) because glucose 
is less sweet. Also, glucose crystallization in concentrated solutions can make 
subsequent handling and processing difficult. These problems are alleviated con- 
siderably by isomerizing some of the glucose to fructose, using the enzyme glu- 
cose isomerase: 


He e e ie a Seen 
: NG 
F i ogee 
! H—C—OH | C=0 
HO—C—H glucose HO—C—O 
| isomerase | 
ae ies ee 
H—C—OH H—C—OH 
CH,OH CH,OH 
D-Glucose D-Fructose 


The equilibrium constant of this reaction at 50°C is approximately unity, and 
this values does not change greatly with temperature since estimates of the heat 
of the isomerization reaction are of the order of ! kcal/mol. Consequently, the 
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glucose isomerase is very sensitive to several inhibitors. Both these factors sug- 
gest that retention of the enzyme in immobilized form under well-controlled 
reaction conditions is a desirable Strategy. Several forms of immobilized glucose 
isomerase have been prepared, including enzyme fixed in whole cells, which in 


A typical process flowsheet for high-fructose corn Syrup production using 
immobilized glucose isomerase is shown in Fig. 4.10. Many of the separation and 
treatment needs between the saccharification and isomerization units are dictated 
by basic enzymology: in order to maximize heat stability of the «-amylase used in 
the liquefaction step (which typically operates at about 105°C), calcium ions are 
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Figure 4.10 Flowsheet summarizing the glucose isomerase Process fcr production of high-fructose 


corn syrups. (Redrawn from J. D. Harden, “On-Line Control Optimizes Processing,” Food Eng., vol. 
44, no. 12, p. 59, 1972). 
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required. These ions, on the other hand, inhibit glucose isomerase, and they are 
removed by ion exchange before the dextrose liquor is fed to the isomerization 
reactor. 


Example 4.2: Immobilized glucose isomerase reactor process parameters’ Selection of a catalyst for- 
mulation, reactor configuration, and reactor operating conditions involves careful consideration of a 
large and complicated array of interacting parameters. Some of the properties and criteria which have 
been considered in previous designs of immobilized glucose isomerase reactors for production of 
high-fructose corn syrups are listed in Table 4E2.1. The properties of the catalyst selected after 


Table 4E2.1 Parameters considered in immobilized glucose reactor 
design study 


(Reprinted by permission from K. Venkatasubramanian and H. S. Harrow, “ Design 
and Operation of a Commercial Immobilized Glucose Isomerase Reactor System,” 
Annals N.Y. Acad. Sci. vol. 326, p. 141, 1979.) 


i aaa aaaaaulŘŘasssosasosoeaeiaiassssssssslMl 


Biochemica! characteristics 


. Activity 

. Operational stability (half-life) and activity decay profile 
. Productivity in usage lifetime 

. Optimal substrate concentration 

. Effect of oligosaccharides concentration 

. Effect of dissolved oxygen 

. Minimum and maximum residence times 

. By-product formation 

. pH and temperature sensitivity 

. Storage stability 

. Protein-enzyme elution 

. Microbial growth, if any 

. Reactor effluent quality (composition, color, odor, protein content, pH, etc.) 


— ped pd pab 


Mechanical characteristics 
. Particle size, shape and size distribution 
. Density (dry bulk density and wet bulk density) 
. Swelling behavior 
. Compressibility 
. Cohesion 
. Particle attrition 


RDmnfbwn 


Hydraulic characteristics 
. Pressure drop 
. Mode of flow (upflow versus downflow) 
Bed compaction 
. Axial dispersion and channeling 
Residence time distribution 
. Stratification 
. Length-to-diameter ratio 
. Minimum velocity for onset of fluidization 


e e aaa 


ONDA PWN 


t See K. Venkatasubramanian and H. S. Harrow, “Design and Operation of a Commercial 
Immobilized Glucose Isomerase Reactor System,” Annals of N.Y. Acad. Sci. vol. 326, p. 141 (1979). 
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Table 4E2.2 Physical and catalytic properties of Immobilase (product of ICI) glu- 
cose isomerase catalyst 

(Adapted from K. Venkatasubramanian and H. S. Harrow, “Design and Operation of a Commercial 
Immobilized Glucose Isomerase Reactor System,” Annals N.Y. Acad. Sci., vol. 326, p. 141, 1979; re- 
printed by permission.) 


Product form Dry peilets 

Appearance Tan color 

Mesh size Nominally 12 x 20 mesh (cylindrical pellets ~ 1 mm diameter, 2.5 mm 
length) 

Dry bulk density 40-45 lb/ft? 

Wet bulk density 14 lb/ft? +10% 

Characteristic pore 0.2 um 

size . 

Activity assay 40 mu g~', minimumt 

Productivity Normally 2000 Ib 42% d.b. HFCS/Ib enzyme in 1000 h 

Bed void volume Estimated at 45% 


t One my is defined as the amount of catalyst that would convert 107° moles of substrate per 
minute at 60°C, pH 8.0. 


consideration of these process parameters in a design study at the H. J. Heinz Company are listed in 
Table 4E2.2. Selection of catalyst particle size is a compromise between the desirability of small 
particles to reduce diffusion limitations on reaction rates and a preference for large particles to 
minimize pressure drop through the packed-column immobilized enzyme reactor. 

The reaction conditions selected are summarized in Table 4E2.3. Notice the requirement for a 
high concentration of glucose in the reactor feed. If the feed contains more than 10 percent oligosac- 
charides, the enzyme activity is reduced substantially. A significant range of residence times is indi- 
cated because of catalyst deactivation. As the process is operated, enzyme activity decays and exit 
conversion would decrease if flow rate were maintained constant. However, in order to maintain 
constant product quality, the flow rate is reduced to increase residence time as the catalyst deacti- 
vates. Quantitative treatment of activity-residence time-conversion relationships for different types of 
enzyme reactors is considered in Chap. 9. 

The hydraulic properties of the packed column, which is operated with downward flow of feed 
solution, determine column sizing. The packed bed of immobilized enzyme catalyst particles is com- 
pressible. Figure 4E2.1 illustrates the relationship between column reactor bed height and pressure 


Table 4E2.3 Reaction conditions for glucose syrup isomerization 
in a packed-column immobilized enzyme reactor 

(Reprinted by permission from K. Venkatasubramanian and H. S. Harrow, “ De- 
sign and Operation of a Commercial Immobilized Glucose Isomerase Reactor Sys- 
tem,” Annals N.Y. Acad. Sci., vol. 326, p. 141, 1979.) 


Dry substance content 40-45% 

Dextrose percentage 93-96% 

Feed purity Filtered, carbon-treated, and ion-exchange 
pH 8.2 to 8.5 ; 
pH drop 0.2-0.4 units 

Temperature 60°C a 
Activator 0.0004 M Mg?* 

Residence time 0.5-4 h 
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i- Figure 4E2.1 Relationship between catalyst bed height and overall column pressure drop in a down- 
it flow packed column of immobilized glucose isomerase pellets. ( Reprinted by permission from K. 
n Venkatasubramanian and H. S. Harrow, “Design and Operation of a Commercial Immobilized Glucose 
1- Isomerase Reactor System,” Annals N.Y. Acad. Sci., vol. 326, p. 1141, 1979.) 
of 
d drop through the column at the largest flow rate which is used for fresh catalyst. Above 3 lb/in? 


H pressure drop in the column, bed permeability is reduced significantly. Consequently, applying a 
e ; design criterion of 3 lb/in? pressure drop, the maximum bed height which should be used is approxi- 
mately 15 feet. Combining this criterion with desired reactor residence time and plant capacity implies 
reactor sizing and the number of reactor columns which should be used. Because of the deactivation 
processes mentioned earlier, it is preferable to utilize multiple columns and to rotate the service cycle 
of each to maximize catalyst utilization and plant productivity. 


Serre rae ae: 


Demand for L-amino acids for food and medical applications has been grow- 
ing rapidly. While microbial processes for L-amino acids have been developed, 
considerable efforts have also been devoted to a production scheme based on 
chemical synthesis. Chemically synthesized amino acids suffer the disadvantage of 
being racemic mixtures. The p isomer in this mixture is generally of no nutritive 
value: it is desirable to obtain a product consisting strictly of the physiologically 
| active L isomer. 
| A process achieving this goal is that of Tanabe Seiyaku Co., Ltd., of Osaka, 
| Japan. This was the first publicly announced commercial process using immobi- 
lized enzymes. Essential to the optical resolution scheme used by Tanabe Seiyaku 
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is the following reaction, which is catalyzed by the enzyme aminoacylase: 


PEAT COOR aminoacylase 
NHCOR’ 


DL-Acylamino 
acid 


H,O + 


ra rae ce a aoa 


+ 

NH, NHCOR’ 

L-Amino D-Acylamino 
acid acid 


Following this step, which is carried out in a column reactor containing immobi- 
lized aminoacylase (Fig. 4.11), the desired L-amino acid is separated from the 
unhydrolyzed acyl p-amino acid based on solubility differences. The D-acylamino 
acid is then racemized to the pL-acylamino acid, which is recycled to the amino- 
acylase column. A flow sheet for the process is shown in Fig. 4.12. 

I. Chibata, T. Tosa, and coworkers at Tanabe Seiyaku spent considerable 
effort in an attempt to develop an optimal immobilized-enzyme formulation for 
use in this process, and some of their results are presented in their paper [16]. 
Table 4.12 gives a summary of their findings for several different forms of 
immobilized enzymes. The categories in this table remind us that a variety of 
factors besides initial activity must be considered when selecting a catalyst 
for industrial use. In the present case, aminoacylase ionically bound to 
DEAE-Sephadex was chosen because of its high activity, ease of preparation, 
regeneration capability, and stability. In 1978 Tanabe Seiyaku reported that this 
formulation had been used for more than five years with no physical decomposi- 
tion or reduction in binding activity. 

The first commerical process using enzymes immobilized physically by ultra- 
filtration membranes, conversion of N-acetyl-p,L-methionine to L-methionine us- 
ing acylase enzyme, was announced in 1983. Numerous other applications of 
immobilized enzymes to chemical processes have been explored (see Table 4,13). 


Some of these are already commercialized and others are currently in develop- 
ment. 


4.3.3 Medical and Analytical Applications of Immobilized Enzymes 


The number of known inborn human metabolic disorders now exceeds 120, and 
many of them are related to the absence of activity of one particular enzyme 
normally found in the body. For example, phenylketonuria, a disease leading to 
mental retardation, is thought to be caused by a deficiency in the enzyme which _ 
converts phenylalanine into tyrosine. A possible alternative to the current ther- 
apy (a phenylalanine-free diet) is to replace the missing enzyme. However, an 
enzyme with the same function from a nonhuman source cannot be introduced 


APPLIED ENZYME CATALYSIS 195 


Figure 4.11 Immobilized enzyme columns used in the Tanabe Seiyaku Co., Ltd. Process for L-amino 
acid production. (Photograph courtesy of Dr. I. Chibata, Tanabe Seiyaku Co., Lid.) 


directly into the body because it would trigger an adverse immunological re- 
sponse. A possible approach to this problem involves isolation of the enzyme 
within a microcapsule, fiber, or gel. In this manner, the enzyme may not cause an 
adverse response but the small substrate can reach it through the gel, hollow 
fiber, or microcapsule membrane. While membrane-contained enzymes are not 
susceptible to antibody attack, protein buildup on the in vivo membrane surfaces 
adds mass-transfer resistance and causes decreased efficiency of substrate utiliza- 
tion. l 

A variant of this idea has been proposed for construction of a compact 
artificial kidney. In this device, urease and an adsorbent resin or charcoal are 
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Figure 4.12 Flowsheet for the Tanabe Seiyaku process, which uses immobilized aminoacylase. ( Re- 
printed by permission from I. Chibata et al., “Preparation and Industrial Application of Immobilized 
Aminoacylases,” in G. Terui (ed.), “Fermentation Technology Today,” p. 387, Society of Fermentation 
Technology, Japan, Osaka, Japan, 1972.) 


Table 4.12 Properties of different forms of aminoacylase (acetyl-pi-methionine as 
substrate)‘ . 


Immobilized aminoacylases 


Native Tonic binding Covalent binding 

amino- (DEAE- (lodoacetyl- Entrapped by 
Property acylase Sephadex) cellulose) polyacrylamide 
Optimum pH 7.5-8.0 7.0 7.5-8.5 7.0 
Optimum temperature, °C 60 72 55 65 
Activation enérgy, kcal/mol 6.9 7.0 3.9 5.3 
Optimum Co?*, mM 0.5 0.5 0.5 0.5 
Km, mM 5.7 8.7 6.7 5.0 
Vmax» 4MOl/h 1.52 3.33 4.65 2.33 
Preparation Easy Difficult Difficult 
Binding force Weak Strong Strong 
Regeneration Possible Impossible Impossible 


t From T. Mori, T. Sato, T. Tosa, and I. Chibata, “Studies on Immobilized Enzymes X: Prepa- 
ration and Properties of Aminoacylase Entrapped into Acrylamide Gel-Lattice,” Enzymologia, 43: 213 
(1972). : . 
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Table 4.13 Summary of current and some potential chemical process applications 
of immobilized enzymes 


(Reprinted by permission from “ Immobilized Enzymes, Research and Development.” I. Chibata (ed.j, p 


ody ff 


164, Kodansha, Ltd., Tokyo, 1978. } 


a a ar er 


Catalytic reaction 


TT a 


Oxidation-reduction 


Group transfer 


Hydrolysis 


Immobilized enzyme 


L-Amino acid oxidase 
B-Tyrosinase 


A’-Hydrogenase 
Flavoprotein oxidase 


Dextransucrase 
Phosphorylase 

Polynucleotide phosphorylase 
Carbamate kinase 


Ribonuclease 

a-Amylase 
Glucoamylase 

Cellulase 

Invertase 

Leucine aminopeptidase 
Carboxypeptidase 
Papain 


Chemical process 


Production of D-amino acids 
Production of L-DOPA 
Production of L-tyrosine 
Production of prednisolone 
N-oxidation of drugs containing amino 
or hydrazine groups 


Production of dextran 
Polymerization of glucose 
Production of polynucleotides 
Regeneration of ATP 


Synthesis of trinucleotides 
Production of glucose 

Production of glucose 

Production of glucose 

Production of invert sugar 

Optical resolution of DL-amino acids 
Optical resolution of DL-amino acids 
Hydrolysis of casein 


Production of 6-aminopenicillanic acid 

Synthesis of penicillins and 
cephalosporins 

Optical resolution of DL-amino acids 

Production of 5’-inosinic acid 


Penicillin amidase 


Aminoacylase 
AMP deaminase 


Lyase reaction Aspartase Production of L-aspartic acid 
(asymmetric Tryptophanase Production of L-tryptophan 
synthesis) D-Oxynitrilase Production of D-mandelonitrile 

Isomerization Glucose isomerase Production of fructose 


a 


encapsulated together, so that ammonia produced by urea decomposition is ad- 
sorbed within the microcapsule: 
diffusion rease 


Urea ———————> urea —— > HCO; + NH7 


into microcapsule 


adsorption 
on resin or charcoal 


Among the small-scale trials of immobilized enzymes in reaction processes 
are steroid (see Sec. 2.12) conversions. Cortisol, a useful drug in arthritis treat- 
ment, can be made from the cheap precursor 11-deoxycortisol in a column of 
immobilized 11-B-hydroxylase, following which cortisol can be converted into a 
superior therapeutic component, prednisolone, using immobilized A! dehydro- 
genase in a subsequent packed-bed reactor. Note the extreme specificity of these 
enzymes. Most commercial steroid transformations are currently achieved by 
microbial processes. 
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CH,OH CHOH 
C=O C=O 
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Immobilized 
H,C 11-B-hydroxylase HC 
O O 
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O 
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Immobilized enzymes have already made important contributions to ana- 
lytical biochemistry, and others are certain to follow. One example is the im- 
mobilized-enzyme electrode, which permits continuous monitoring of small 


concentrations of a specific biochemical. In the urea electrode (Fig. 4.13), © 


immobilized urease decomposes urea into ions which can be detected using 
standard electrochemical techniques. Also, using immobilized-enzyme electrodes, 


Glass 
electrode 


Figure 4.13 A urea electrode constructed by immobilizing urease in a 
gel attached to a glass electrode: 
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Figure 4.14 Schematic diagram of a system for automated analysis of glucose (using immobilized 
glucose oxidase) and lactate (using immobilized lactate dehydrogenase). (Reprinted with permission 
from G. T. Hicks and S. J. Updike, “The Preparation and Characterization of Lyophilized Polyacryl- 
amide Enzyme Gels for Chemical Analysis? Anal. Chem., vol. 38, p- 726, 1966. Copyright by the 
American Chemical Society.) 


standard biochemical tests can be automated, as in the schematic diagram in 
Fig. 4.14. Such a system can be used, for example, to determine glucose or lactate 
levels by employing immobilized glucose oxidase or lactate dehydrogenase, 
respectively.. 

Based on similar strategies, immobilized-enzyme electrodes have now been 
constructed for many biologically important compounds (Table 4.14). Also, a 
solid-surface fluorometric method has been developed recently for observation of 
enzyme reactions in membranes. With this approach, direct assay of the concen- 
tration of many enzymes, substrates, and cofactors is possible. A wealth of addi- 
tional material on this subject will be found in the references. 

Immobilization of biochemicals for affinity chromatography will be discussed 
in Chap. 11. This principle—immobilization of one species which has an extreme- 
ly high affinity for the material to be removed from solution— permits purifica- 
tion or analysis of enzyme inhibitors, cofactors, antigens, antibodies, and other 
substances. 


4.3.4 Utilization and Regeneration of Cofactors 


In addition to affinity separations applications, cofactors are also of interest in 
the capacity of functioning coenzymes. Only two of the six general classes of 
enzymes are catalytically active without cofactors. If the other four groups of 
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Table 4.14 Selected compounds which can be moni- — 
tored using immobilized-enzyme electrodes 


Acetaldehyde D-Galactose 
Acetylcholine pD-Glucose 
p-Alanine D-Glutamate 
L-Alanine L-Gulono-/-lactone 
Aliphatic nitro compounds Hypoxanthine 
Alkaline phosphatase p-Lactose 
L-Arginine Lactate dehydrogenase 
D-Aspartate L-Lactose 
Benzaldehyde NADH 
Cholinesterase Penicillin 

Creatine Some pesticides 
Creatine phosphokinase - L-Phenylalanine 
L-Cysteine Phosphate 
Dehydrogenases Sulfate 

Diamines L-Tryptophan 
2-Deoxy-D-glucose L-Tyrosine 

Ethanol Urea 
Formaldehyde Uric acid 


L-Galactonolactone 


enzymes are to enjoy industrial use, efficient large-scale methods must be devel- 
oped for production, separation, and isolation of organic cofactors. Moreover, 
special reactor and catalyst designs are required for effective coenzyme utilization 
and regeneration. Many of these problems are not satisfactorily resolved at pres- 
ent. However, the potential commerical and scientific rewards of a well-developed 
cofactor technology are sufficiently large to justify considerable current research 
in this area. Here we shall touch upon some of the concepts for enzyme- 
coenzyme reactors: additional information on this and other aspects of cofactor 
applications is available in the references. 

By retaining both enzyme and coenzyme in hollow fibers which substrate 
and product can permeate, the desired reaction can be carried out without loss of 
enzyme or coenzyme. Figure 4.15 shows schematically a laboratory reactor de- 
sign based on this concept. Its extension to larger scale is clearly feasible provid- 
ed suitable activity and stability of the catalytic system can be obtained. One 
reaction system which has been studied in this apparatus is oxidation of ethanol 
to acetate in a two-step sequence of reactions which require NAD: 

alcohol 


Ethanol + NAD* —-—————— acetaldehyde + NADH 
dehydrogenase 


aldehyd ay 
<= acetate + NADH 


dehydrogenase 


Acetaldehyde + NAD* 


wit 
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Figure 4.15 A hollow fiber system permitting continuous operation of an enzyme-cofactor reactor. 


Clearly, these reactions will take place continuously only if NADH is oxidized 
continuously, a process which has been accomplished by adding the enzyme pig- 
heart diaphorase to the catalytic mixture inside the hollow fibers. With this en- 
zyme, O, serves as the NADH electron acceptor, and H,O, is formed along with 
NAD* as the coenzyme regeneration reaction occurs. Since hydrogen peroxide 
causes inactivation of many enzymes, catalase is also included in the enzyme- 
coenzyme solution. Extension of this scheme to other reactions seems straightfor- 
ward, although it is not immediately applicable in cases where the substrate 
molecular weight approaches those of the coenzyme(s) and enzymes involved 
(Why?). One strategy for retaining the relatively small coenzyme molecules by 
ultrafiltration is to enlarge artificially the cofactor by covalently bonding it to a 
soluble polymer such as polyethylene glycol (PEG), dextran or polylysine. 

Let us next consider possible enzyme-coenzyme reaction schemes where en- 
zymes and/or their respective coenzymes are bound to insoluble supports. Any 
such formulation must allow reversible physical contact of enzyme and coenzyme 
and must provide opportunities for cofactor regeneration. At least three different 
approaches to this problem can be identified: 


1. Immobilize the coenzyme and put enzyme and all necessary substances for 
regeneration in solution. All participants in the catalytic system except coen- 
zyme will then be contained in the reactor effluent. 

2. A complementary idea to 1: the enzyme is immobilized with cofactor in 
solution and thus in the effluent. Enzymes and additional substrates required 
for coenzyme regeneration may be passed through this reactor in solution or 
contained in a separate regeneration reactor? which may itself employ immo- 
bilized enzymes. 
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3. Link the enzyme and coenzyme to each other using a long, flexible molecule 
as a connection. Such a coenzyme-on-a-string structure is then immobilized. 
Concepts 1 and 2 have been demonstrated on a laboratory scale, while the 
feasibility of approach 3 is still under study. i 


Choice between schemes 1 and 2 for a possible large-scale process depends on a 
variety of technological and economic factors. Critical among these is the ease, 
efficiency, and expense with which enzyme, coenzyme and/or regeneration sys- 
tems can be removed from the product stream and recycled into the reactor. If 
recovery of none of these species is feasible, for example, concept 1 will have an 
advantage since most coenzymes are much more expensive than any other part of 
the catalytic system. 

The efficiency with which whole cells utilize and regenerate cofactors sug- 
gests another strategy for cofactor-requiring enzyme-catalyzed reaction pro- 
cesses: use an entire immobilized cell preparation and take advantage of the 
natural cofactor supply and cofactor regeneration system. While this concept is 
intuitively attractive, its active and stable realization has not been, so far, ex- 
tremely successful. Problems remain to be solved concerning stability of the im- 
mobilized cell system. What if the cofactor-requiring enzyme is not found in a 
readily immobilized, active cell? In principle, this difficulty can be overcome 
through application of genetic engineering by inserting the enzyme of interest 
into a suitable host cell which then serves primarily as a cofactor reservoir and 
regeneration system. Another fundamental obstacle in implementing this tech- 
nology is appropriate regulation of transport through the cell envelope. Just 
as indicated above for the ultrafiltration immobilization of a cofactor-enzyme 
catalyst system, the entire cell used for this purpose must admit substrates, 
release- products, but not lose essential enzymes and cofactors and other 
components required for activity and maintenance of the intracellular catalytic 
systems. 


4.4 IMMOBILIZED ENZYME KINETICS 


To enable reactor design for immobilized enzyme catalytic systems, it is impor- 
tant to examine in some detail the kinetic properties of immobilized enzymes. 
The observed catalytic properties of single catalyst particle containing immobi- 
lized enzyme or of a membrane reactor in which enzymes are retained by ultrafil- 
tration depend upon interaction of substrate transport and the catalytic activity 
of the enzyme. In this section we shall focus on mass transport-catalytic reaction 
coupling and its effect on the performance of a single particle of immobilized 
enzyme. 

To begin our examination of the ways in which mass transport and reaction 
processes interact to determine the overall activity, deactivation, and parametric 
dependences of an immobilized enzyme catalyst, consider the schematic diagram 
in Fig. 4.16. In this diagram, we look at a cross section of a sheet of immobilized 
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Figure 4.16 Illustration of mass transport and chemical reaction interactions in a symmetric slab of 
immobilized enzyme. The phenomena summarized in the top section cause the substrate and product 
concentration profiles sketched in the middle section which can be described quantitatively in terms 
of the parameters indicated in the bottom section. 


enzyme in contact with substrate solution which is flowing over both sides of the 
sheet. Far from the catalyst, the substrate concentration and other process vari- 
ables such as pH have values characteristic of the bulk reaction mixture. These 
are the compositions that we would measure by conventional analytical chemical 
methods. 

Because substrate is consumed within the immobilized enzyme catalyst and 


. product is formed there, concentration gradients arise between the bulk solution 


far from the catalyst and reaction events which are occurring at the active sites of 
the immobilized enzyme molecules. Substrate, for example, must be transported 
from the bulk solution to the outer surface of the catalyst. If the reaction mixture 
is stagnant, this transport occurs by molecular diffusion. Ordinarily, mixing or 
flow of substrate solution adds convective transport contributions to the move- 
ment of substrate from bulk solution to the external surface. If the immobilized 
enzyme formulation does not contain enzyme-in its internal volume or if sub- 
strate cannot penetrate into the internal volume, this external mass transport 
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process is the only one which we need to consider. Often, however, the enzyme is 
entrapped or impregnated within a permeable matrix. In such a circumstance, 
most of the catalytic activity is located in and distributed through the interior of 
the catalyst formulation. Consequently, for such a system, the substrate must 


diffuse from the outer surface of the catalyst to some internal location where. 


reaction occurs. All of this scenario is inverted for products. In this type of 
situation, one must consider the intraparticle diffusion processes as well as exter- 
nal mass transport. 

As indicated in Fig, 4.16, reaction occurs within the immobilized enzyme 
sheet at rates which are determined by the concentrations within the sheet. Be- 
cause of the concentration gradients just described, local reaction rates vary as a 
function of internal position. The total rate of substrate consumption is the sum 
of all the substrate consumption rates inside the permeable catalyst. At steady 
State, this overall rate is also equal to the rate of substrate transport to the 
catalyst. Clearly, in such a situation, overall rates depend on the interaction 
between transport processes and catalytic reaction. 

Development of an analytical framework for description of these interacting 
processes and of criteria for assessing their importance is one of the central 
achievements of chemical reaction engineering. Because of the importance of 
these interactions in immobilized enzyme and in immobilized cell catalytic pro- 
cesses and because the influences of these interactions have been very often over- 
looked in research and development activities on immobilized enzymes and cells, 
we shall consider here the central concepts, analytical appoaches, and results. 
The topic is treated in further detail in chemical reaction engineering textbooks 
and several monographs. 


4.4.1 Effects of External Mass-Transfer Resistance 


In order to introduce central concepts and terminology, we begin with the sim- 
plest possible case. Suppose that enzyme is immobilized only on the external 
Surfaces of a slab of Support. Then we must consider only mass transport from 
the bulk solution to the support surface and reaction at that position. 

One traditional model, called the Nernst diffusion layer in the biochemistry 
literature and a stagnant film in engineering, leads to the following equation for 
the flux N, (moles per unit time per unit area) of substrate from the bulk fluid 
(sometimes called the pool by biochemists) to the interface: 


N, = kso — s) (4.2) 


Here, s and sọ are the substrate concentrations at the interface and in the bulk 
fluid, respectively, and k, is the mass-transfer coefficient. A function of physical 
properties as well as hydrodynamic conditions near the interface, k, can usually 
be evaluated from available correlations (discussed in Chap. 8). In particular, k, 
increases with increasing liquid flow rate through a packed-column immobilized 
enzyme reactor. 
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In steady state, substrate cannot accumulate at the catalyst interface. Conse- 
quently, the rate of substrate supply by mass transfer must be exactly counter- 
balanced by the rate of substrate consumption in the reaction at the interface. 
Assuming that Michaelis-Menten kinetics applies at the surface, and letting o 
denote the surfate reaction rate (moles per unit time per unit area), we have 


Umax5 


Km ts 


k(so — s) = 0 = (4.3) 
The number of parameters necessary to specify the system can be reduced from 
four (k, So. Umax: and K,,) to two (Da and x) by introducing the dimensionless 
variables 


x=— Da = —— = — 4.4 
i So i ksSo ü So ee 


‘In terms of these quantities, the substrate mass balance (4.3) becomes 


1—x x 
= 4.5 
Da k+x l >) 


where 0< x < 1.0. 
The physical significance of Da, the Damk6hler number, should be empha- 
sized: 


Uma _ maxunum reaction rate (4.6) 
k,Soọ maximum mass-transfer rate 


Lew] 


Da 


Thus, if Da is much less than unity, the maximum mass-transfer rate is much 
larger than the maximum rate of reaction (low mass-transfer resistance). When 
the mass-transfer resistance is large, mass transfer is the limiting process and Da 
is much greater than 1. These cases are known as the reaction-limited regime and 
the diffusion-limited regime, respectively. 

Algebraic manipulation of Eq. (4.5) gives a quadratic equation for x, so that 
an analytical solution is available: 


ae oC 
ENES 1) 4.7) 


ß=Da+xk-!1 (4.8) 


where 


The + and — signs are taken for B > 0, B <0, respectively. When f = 0; x = 


Jk. Using this value for s/s), either the right- or left-hand side of Eq. (4.5) can be 
used to evaluate the dimensionless observed reaction rate 0/v,,,,- It should be 
clear that ¢ will not in general exhibit Michaelis-Menten dependence on sọ. Also, 
it is no longer correct to equate K,, to the substrate concentration s,,. where Ù is 


equal to one-half the observed maximal reaction rate v??? , In general, s, j2 Varies 
with Da. 
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In spite of this fact, the parameter s,,. is cited frequently as the apparent 
K,,(K;??), and this value is employed as a measure of mass-transfer influence. 
While this practice may be convenient for the experimentalist who has only to 
measure $,,2, it runs serious risk of misinterpretation. One may be tempted to use 
the incorrect equation 

p2Pp 


- = max 50 
Vobs 4 Karr + So (4.9) 


for the observed rate. Moreover, even if this form provides an adequate empirical 
representation of the observed kinetics in a given situation, it is not generally 
correct since it ignores the dependence of K%?? on fluid properties and hydro- 
dynamics near the interface. The experimental results shown in Fig. 4.17 makes 
this dependence evident. 

By tradition in chemical engineering, the influence of mass transfer on the 
overall reaction process is represented using the effectiveness factor n, which is 
defined physically by 


observed reaction rate 


n= ; F : 
rate which would be obtained with no mass-transfer resistance, 
i.e., surface concentration s = bulk concentration So 


(4.10) 


Figure 4.17 Experimental relation- 
ships between substrate conversion 
ôL = (Sf — Se)/Sp where sy and Se are 
feed and exit substrate concentrations, 
respectively] and flow rate (numbers 
on curves, in milliliters per hour) in a 
packed bed immobilized enzyme reac- 
tor (hydrolysis of benzoyl L-arginine 
ethyl ester by CM-cellulose-ficin). If 
plug flow and Michaelis-Menten ki- 
netics are assumed, the slope of all the 
lines should be constant and equal to 
Km The change in slope with flow 
rate shows a significant mass-transfer 
effect on overall kinetics. (Reprinted 


10? 6s, 


Hornby, and E. M. Crook, “The Ki- 
netics of Carboxymethylcellulose-Ficin 
in Packed Beds.” Biochem, J., vol. 100, 
p. 718, 1966.) 


by permission from M. D. Lilly, W. E. 
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Figure 4.18 Experimental test for external diffusion effects: v* is the rate obtained at high flow rates 
through a packed column (hydrolysis of 4 x 1074 M D, L-N-benzoyl DL-arginine-p-nitroanilide at pH 
8, T = 25°C by immobilized trypsin). (Reprinted by permission from J. R. Ford et al., Recirculation 


Reactor System for Kinetic Studies of Immobilized Enzymes, in L. B. Wingard, Jr. (ed.), “ Enzyme 
Engineering,” Wiley-Interscience, New York, 1972.) 


Consequently, for the problem in question 


ja r (4.11) 
1/(x + 1) 
so that n < l and, in general, the effect of increasing mass-transfer resistance is 
reduction of the observed activity of the catalyst. An experimental demonstration 
of this phenomenon is related in Fig. 4.18. 
For Da approaching zero (very slow reaction relative to maximum mass- 


transfer rate), Eq. (4.5) shows that x must approach unity, and so for the reac- 
tion-limited regime (Da — 0) 


n=1 g= (4.12) 


Here the observed reaction kinetics is the same as the true, intrinsic kinetics at 
the fluid-solid inteface. If a new immobilized-enzyme surface has been prepared, 
it is important to determine whether the immobilization procedure has changed 
the catalytic behavior of the enzyme. The evaluation of Uma, and K,, needed for 
such a determination must occur in experiments for which Da <1 in order to 
avoid disguise by significant mass-transfer resistance. 

Intrinsic kinetics is also required for engineering design of immobilized- 
enzyme reactors, since only with this information can fluid properties, shape of 
the enzyme support, and mixing characteristics be adequately taken into account. 
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Many experimental reactors designed to operate in the reaction-limited regime 
have been developed for ordinary heterogeneous catalysts. Some have been 
adapted for immobilized-enzyme kinetics studies (Fig. 4.19). They all share the 
common concept of high fluid flow rates near the catalyst to minimize mass- 
transfer resistance (larger k,, smaller Da). There are several possible drawbacks 
to this approach which are peculiar to immobilized enzymes. Fluid forces might 
cause partial or complete denaturation of the attached enzymes (see earlier dis- 
cussion in Sec. 3.7.3). Also, relative motion of catalyst paticles may give enzyme 
loss by particle-particle abrasion. 

The diffusion-limited regime of systems with coupling between chemical reac- 
tion and mass transfer arises when Vmax is much larger than k,sy, so that Da > 1. 
By expanding the square root in Eq. (4.7) and subsequent manipulation, we can 
derive for the diffusion-limited regime (Da > œ, x finite) 

. _1l+k 


er d= k,Sp (4.13) 


Thus, so long as Da is very large, the observed rate of reaction 0 is first order in 
bulk substrate concentration and totally independent of the intrinsic rate param- 
eters Vmax and Km. This behavior disguises the true kinetic parameters of the 
immobilized enzymes. In the diffusion-limited regime, for example, the observed 
activity for given Sọ is constant even though the enzymes at the interface may be 
losing activity because of adverse temperature, pH or other conditions. Studies 
aimed at determining activity retention or denaturation rates of immobilized 
enzymes should therefore also be conducted as close as possible to the reaction- 
limited regime. 


4.4.2 Analysis of Intraparticle Diffusion and Reaction 


As discussed earlier, enzymes are typically immobilized on the internal surfaces of 
porous supports or entrapped in matrices through which substrate can diffuse. In 
such systems, calculation of the observed rate of substrate disappearance requires 
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evaluation of the concentration profile of substrate within the profile. To accom- 
plish this we begin by writing a steady-state material balance for a thin section of 
the permeable catalyst. Assuming enzyme is immobilized within a pellet that has 
approximately spherical shape, a useful thin section is contained between two 
concentric spheres of radius r and r + dr, respectively (see Fig. 4.20). A shell of 
differential thickness is considered so that all conditions within the shel] may be 
considered independent of position. 

The symbols Z., and v denote substrate effective diffusion coefficient and 
local rate of substrate utilization, respectively. Both of these quantities differ 
conceptually from their counterparts in solution, and important quantitative dif- 
ferences may also arise. Considering first the effective diffusion coefficient, we 
should be aware that diffusion rates of all species through the support are subject 
to the following influences: 


1. Some of the particle cross section is occupied by solid and hence not avail- 
able for diffusive transport (parameter: particle porosity £p). 

2. The pore network is complex and entangled so diffusion occurs only in al- 
lowed, frequently changing directions (parameter: tortuosity factor t). 

3. Pores may have very small diameters, similar to substrate molecular dimen- 
sions (restricted diffusion situation; parameter: K,/K,). 


The effective diffusion coefficient for substrate 2,, may now be written as 


€ K 

Pes = By T 4.14 
es so T K, ( ) 
where 2.o is the substrate diffusivity in the bulk liquid. The porosity parameter 
€, must be determined for the support in question. Tortuosity factor values are 
usually assumed to be in the range of 1.4 to 7. If restricted diffusion occurs, a 


crude estimate of K,/K, may be obtained from 


K, r substrate 4 
— =,{1-—-—— 4.15 


r pore 


ra 


Where Feubstrare ANd Fpore are the substrate molecular (equivalent) radius and char- 
acteristic pore radius, respectively.(Uncertainties in all of the factors on the right- 
hand side of Eq. (4.14) make accurate a priori estimation of 2,, quite difficult. 


Consequently, it is often preferable to estimate this quantity from overall kinetic 


data./We will examine this method after analyzing the coupled diffusion-reaction 
processes within the immobilized enzyme particle. 

We should note also that mass-transfer rates within the particle may depend 
on the internal surface chemistry and charge. Further, if the reaction involves 
consumption or production of ionic species, gradients in electrical potential may 
exist within the particle. Then, these gradients will influence charged species 
transport rates. Consideration of this situation may be found in the chapter 
references. 
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Figure 4.20 Development of a steady-state material balance on a spherical, permeable immobilized 
enzyme pellet using the thin-shell method. 


Presuming that the intrinsic, local reaction kinetics of the immobilized- 
enzyme catalyzed reaction are of Michaelis-Menten form 


Vars 
v= 
K, +5 


max 


(4.16) 


we may write the maximum velocity parameter as the product of the enzyme 
loading eimm (umol enzyme/g support), the immobilized enzyme specific activity 
qE,imm [uMO] substrate converted s~' (umol enzyme)~ *], and the particle density 
Pp (g support/unit volume of support): 


Umax = imm’ Pp E qE, imm (4.17) 


Recall that immobilization may alter enzyme structure and/or molecular environ- 
ment, causing gE imm and K,, to differ from the corresponding values for enzyme 
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in solution. As discussed in Sec. 4.4.1, it is desirable to determine intrinsic kinetics 
in situations where mass-transfer effects on overall kinetics are negligible. A 
criterion for such reaction-limited conditions will emerge from the following 
analysis. . 

The steady-state material balance on substrate developed in Fig. 4.20 is the 
following second-order ordinary differential equation: l 


as d’s 2ds 
3 ar + A = 2(s) (4.18) 


The model is incomplete without boundary conditions. Since the concentration 
profile through the pellet will almost always be symmetrical about the center of 
the sphere 


=0 (4.19) 


We shall assume that the substrate concentration at the external surface of the 
pellet is equal to the substrate concentration So Of the liquid medium bathing the 
particle. (The case of simultaneous film- and intraparticle mass transfer resistance 
is treated in the following section.) Consequently, 


s = So (4.20) 


r=R 


The observed overall rate of substrate utilization Vo by the particle is equal 
to the substrate diffusive flux into the pellet. Expressed in moles per pellet vol- 


ume per unit time, vo is 

A ds | 

vo = 2| Dae (4.21) 
° v, ( dr E 


where V, and A, denote the particle volume and external surface area, respec- 
tively. As in the previous section, we present such rates in a dimensionless 
form which reveals the extent of diffusional effects. The effectiveness factor y is 
defined by 

o observed rate 

= (So) rate which would obtain with 

: no concentration gradients in pellet (4.22) 


n 


Unfortunately, the effectiveness factor cannot be easily evaluated analytically 
when v takes the nonlinear form indicated in Eq. (4.16). In this situation, it is 
necessary to solve numerically the boundary-value problem posed by Eqs. 
(4.18-4.20) and then evaluate vo using Eq. (4.21). Since such numerical calcula- 
tions are difficult and time-consuming, we seek to present results in the most 
compact yet general form. This is achieved herë by transforming the above equa- 
tions into an equivalent dimensionless formulation. 
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Let 5 = s/Sọ and F = r/R; then Eq. (4.18) can be written in dimensionless 
form 


dS 2d5 vR 5 
i ee ea P 4.23 
d re a O Iae (a 
where the dimensionless parameters ¢ and ßĝ are defined by 
r= R Vmax/ K m = So 
o=5 J a a (4.24) 
The dimensionless boundary conditions associated with Eq. (4.23) are 
dz 
| =1 | =0 (4.25) 
F=1 dF lr=0 


The square of the Thiele modulus $ has the physical interpretation of a 
first-order reaction rate R?(Ymar/Km)So divided by a diffusion rate RD,,So. The 
magnitude of the saturation parameter 8 provides a measure of local rate devia- 
tions from first-order kinetics, with very large values nica Ting: an approach to 
zero-order kinetics. 

In terms of these dimensionless variables, the effectiveness factor is 


(ds/dr);— 
— (4.26) 
3°10 + B)] 
Equations (4.23) and (4.25) reveal that 5 is a function of 7, ¢, and B only, so that 


(ds/dr),_, depends only f and ¢. This result in conjunction with Eq. (4.26) im- 
plies that n depends only upon the Thiele modulus and saturation parameters 


n= (9, P) (4.27) 


A practical problem arises in the use of effectiveness-factor correlations of the 
form given in Eq. (4.27): the intrinsic-rate parameters vma, and K,, are frequently 
unknown. A few simple manipulations readily reveal, however, that uncertainty 
about the former number need not be a problem. Using Eqs. (4.26) and (4.21), we 


obtain 
1/2 
= Po an +B] 


Substitution of this expression into the right-hand side of Eq. (4.27) gives an 
implicit relationship between ņ, 8 and a new dimensionless observable modulus ®, 


defined b 
ý v yV N? 
@ = = (7) (4.28) 
D..89\A A 


y= 


(Notice that ® depends on the measurable overall rate v9; ® is independent of 
intrinsic kinetic parameters.) Solution of this implicit equation yields 4 as a func- 
tion of f and the observable modulus ® os 


n = g(, $) (4.29) 
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Figure 4.21 Effectiveness factors for immobilized enzyme catalysts with Michaelis-Menten intrinsic 
kinetics (B = so/K,,). ® is the observable modulus defined in Eq. (4.28). 


Plots of the y-® relationship prescribed by Eq. (4.29) for B>0 and $ > œ 
are given in Fig. 4.21. Since the effectiveness factors for intermediate K m/So Values 
lie between the curves for these limiting cases, we see that y is relatively insensi- 
tive to the remaining intrinsic parameter K nl Soe 

Before examining analytical solutions based on approximate kinetics, how- 
ever, we first seek a formula for y which applies for large ® (or @) and Michaelis- 
Menten kinetics. When © is sufficiently large (® > 3, see Table 4.15), diffusion of 
substrate is slow relative to consumption. In such a situation with diffusion- 
limited rate, it may be assumed that all substrate is utilized in a thin region 
within the particle adjacent to its exterior surface, so that the effect of curvature 
can be neglected in Eq. (4.18). This leaves 


7 2% (4.30) 


(ae (4.31) 
dr? 2ds\dr l 


Table 4.15 Criteria for assessing the magnitude of 
mass-transfer effects on overall kinetics 
OO 


Limiting Extent of mass- 
Criterion n value rate process transfer limitation 
D< 03 ~] Chemical reaction Negligible. ... 
P>3 oc p~! Diffusion Large 
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is substituted for ds/dr? in Eq. (4.30), integrating the resulting equation with 


respect to s yields 
2 So 1/2 


where s, and sọ are the substrate concentrations at the particle center (r = 0) and 
external surface (r = R), respectively. 

In the diffusion-limited case, s, + 0, so that the integral in Eq. (4.32) can be 
evaluated. Combining Eqs. (4.21), (4.22), and (4.32) gives the desired effective- 
ness-factor expression valid for sufficiently large ® or @: 


2 So 1/2 
v(s) as| 
39. cal 


large ®, ġ (diffusion-limited overall rate) R v(So) 


ds 
dr 


n (4.33) 


Evaluation of this formula for the case of Michaelis-Menten kinetics [Eq. (4.16)] 
yields 
11+ 
tri = gg V2- m0 + p”? (4.34) 


Continuing now our investigation of Michaelis-Menten kinetics, Fig. 4.21 
shows that by assuming first-order kinetics (valid if s < K m) 


v = ks (4.35) 


(k = vmar/ Km), a conservative (low) value of n is obtained which is not too inac- 
curate. This is convenient because the diffusion-reaction model can be solved 
analytically for the linear rate law of (4.35) to give 


1 1 1 
PEEN ead SS 4.36 
1 ¢ a 36 3 oe 
where the Thiele modulus ¢ is defined by 


yV 
o= 1. JV k/2es (4.37) 
P 
Equation (4.37) can be used to obtain the first-order curve shown in Fig. 4.21 by 
using the relationship valid for first-order kinetics 
® = no? (4.38) 


At the other end of the spectrum of Michaelis-Menten kinetics is the zero- 
order approximation (s > K,,), which takes the form : 


i - =const fors > 0% (4.39) 


0 fors=0 


36) 


37) 
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(Ko = Vmax). Solving the boundary-value problem of Eqs. (4.18) to (4.20) with this 
substrate-utilization function reveals that substrate concentration s depends on 
radial position r according to 


k 
sS= So = oe (R? — r?) (4.40) 


This relationship holds as long as s is nonnegative, which will be true from r = R 
inward to a critical radius r = R„ determined by setting s = 0 in Eq. (4.40). This 


yields 
R.\? 62 e50 
—]} =] — L 4.4] 
( ) ae (4.41) 
Equation (4.41) yields a real root for R, only if 
R, / ko/62.sS0 > 1 (4.42) 


Consequently, if this inequality is satisfied, there is an interior portion of the 
particle (from r = 0 to r = R.) in which s = 0 and v = 0. When inequality (4.42) 
applies, reaction occurs only in an outer shell of the particle (R, < r < R), so that 


4 3 3 3 3/2 
37(R° — Rè)ko R, 62.80 
7 $aR?ko l R ! kR? (4:43) 


When condition (4.42) is not fulfilled, a uniform rate of substrate utilization 
prevails within the entire pellet, given y = 1. 

Another important feature shown in Fig. 4.21 is the insensitivity of the y-¢ 
relationship to particle geometry. For example, the effectiveness factor for a first- 


order reaction in a slab is (ġ defined by Eq. (4.37); V,/A, is half the total slab 
thickness) 


_ tanh ¢ 
ob 


This function coincides with the one given in Eq. (4.36) to within about 10 
percent over the entire ġ range. Differences are greatest for ġ near unity and 
diminish rapidly for larger and smaller values. Because of this geometrical in- 
Sensitivity, we can make frequent use of the following empirical correlation for 
the effectiveness factor of an immobilized enzyme slab with intrinsic Michaelis- 
Menten kinetics 


(4.44) 


t 
ae : -1) for ny <1 
Pe re (4.45) 
7 t Le ee 
Na — os — 1 for n, > 1 
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where n4 is the asymptotic value of the effectiveness factor calculated from Eq. 
(4.34). In applying this correlation (developed originally for slab geometry) to 
other symmetric shapes, it is important always to use the particle volume divided 
by the external particle surface area as the characteristic length in the Thiele 
modulus parameter. 

The insensitivity of the y function with respect to both reaction order and 
particle geometry suggests useful general criteria for reaction- and diffusion-limi- 
tation, which are summarized in Table 4.15 (see Ref. 21 for further details). These 
criteria are based entirely on the value of the ® parameter which, we recall, 
contains only observable quantities. 

Very commonly in nonbiological catalysis 1 is viewed as a measure of the 
efficiency of catalyst utilization. Unless y is near unity, greater overall rates can 
be obtained by subdividing the same amount of catalytic material into smaller 
pieces, diminishing ® and thus increasing y. This interpretation is also valuable 
in the context of biological catalysis, for it indicates how immobilized-enzyme 
particle size should be controlled to achieve maximum efficiency. 

Also, effectiveness factor values near unity are needed for direct observation 
of intrinsic kinetics. With sufficiently small particles (see Prob. 4.5), we can deter- 
mine the functional form of the intrinsic immobilized enzyme kinetic expression 
and identify values of the rate parameters. With this information, we can then 
utilize the above framework to calculate the observed, overall kinetics for larger 
particles. Since substrate effective diffusion coefficients and/or bulk concentra- 
tions are typically small in aqueous solution, particle sizes sufficiently large to 
avoid pressure drop problems and flow limitations in packed-bed reactors or 
particle retention difficulties in slurry and fluidized bed reactors generally imply 
diffusion-limited operation. Sometimes it is even difficult in the laboratory to 
operate under reaction-limited conditions. In such cases, the above analytical 
framework must be used to extract intrinsic kinetic information from diffusion- 
disguised data. Also, the effective diffusion coefficient for substrate can be ob- 
tained from kinetic experiments with the immobilized enzyme as illustrated in the 
example below. 


Example 4.3: Estimation of diffusion and intrinsic kinetic parameters for an immobilized enzyme cata- 
lyst We assume at the outset that the intrinsic kinetics have Michaelis-Menten form. Estimation of 
the intrinsic kinetic parameters v,,,, and K,, and the substrate effective diffusion coefficient 2 es can be 
accomplished based on two sets of kinetic experiments, one employing large particles (giving large ọ 
and hence diffusion-limited conditions) and the other using small particles (sufficiently small so that 
substrate conversion is reaction-limited). For each particle size, we vary So, measure the correspond- 
ing vo values and plot both sets of data using Eadie-Hofstee coordinates (Vo/So VS. Vo; recall Sec. 3.2.2). 
For sufficiently large values of so, the reaction is zero order throughout the catalyst, implying an 
effectiveness factor of unity and coincidence between the data for the large and small particles [this 
presumes that Eq. (4.42) is not satisfied for the large particles and that substrate solubility limitations 
do not preclude experiments in the range so > Kml. Thus, for both particle sizes, the intercept on the 
abscissa is v as 

On the other hand, when external substrate concentration and overall reaction velocities are 
small, the local, intrinsic kinetics become approximately first-order. Then, v9/so is equal to Vmar/K m 


max’ 


kehe y e E 
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for the smaller. reaction-limited particles. while for the larger. diffusion-limited immobilized enzyme 
particles 
Uo : Umas 3 Umai les 
‘ 80 € Km T lli re-order = 


PO} b> 2 ogap NGS Ry Km 


(4E3.1) 


Accordingly. the intercept on the ordinate of the Eadie-He fstee plot for the small particles is tua, Ku 
and the large particle intercept is given by Eq. (4E3.1). Knowing the size of the large particles, 
evaluation of tmar K,. and %,, follows from determination of the three different Eadie-Hofstee 
intercepts. 

Application of this procedure to x-chymotrypsin immobilized on CNBr-activated Sepharose 4B 
is illustrated in Fig. 4E3.1. The immobilized enzyme specific activity ggl = tmay (moles active enzyme 
immobilized, unit volume of catalyst)] and K,, values so determined are 213 pmol substrate (ATEE: 
N-acetyl-L-tyrosine ethyl ester) per micromole active enzyme per second and 2.6 mM, respectively. 
These values differ substantially from those measured for the same enzyme in solution: specific 


5 


Vy/Sy, $7 


i 0 2 4 6 8 10 12 14 

vo (umol ATEE cm™* s7!) 
Figure 4.E3.1 Eadie-Hofstee plots of experimental data for x-chymotrypsin immobilized on large 
(R = 60um; @) and small (R = 10 um; O) particles of CNBr-activated Sepharose 4B. (Plotted points 


calculated from data in D. S. Clark and J. E. Bailey, Structure-Function Relationships in Immobilized 
Chymotrypsin Catalysis, Biotech. Bioeng., vol. 25, p. 1027, 1983.) 
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activity = 311 umol ATEE/(umol active enzyme-s) and K,, = 0.73 mM -indicating significant alter- 
ation in the enzyme intrinsic catalytic properties caused by immobilization. The estimated effective 
diffusion coefficient for ATEE in this catalyst is 3.8 x 1076 cm?/s. This small value combined with 
reasonably active immobilized enzyme implies significant diffusion limitation even in particles with 60 
um radius. The estimated observable modulus ® for this preparation is 2.6. l 


A common strategy employed in the formulation of catalysts with extremely 
valuable and highly active supported metal is localization of the supported cata- 
lytic material in a thin outer shell on the support. Clearly, the same strategy can 
be employed in formulating immobilized enzyme catalyst particles sufficiently 
large to have necessary process properties but without extremely wasteful use of 
the enzyme. A number of strategies can be envisioned for preparing such cata- 
lysts. It has been discovered recently that internal distribution of supported en- 
zyme can be highly nonuniform in catalysts made by impregnating a porous 
support material with enzyme solution. As explored further in Prob. 4.10 below, 
such nonuniform loading affects the apparent activity and deactivation properties 
of the immobilized enzyme catalyst. 

Before turning to the problem of combined external and internal mass 
transfer, we should note that, just as is observed in solution, immobilized enzyme 
kinetics may differ from the single substrate, irreversible Michaelis-Menten form. 
While complete discussion of possibilities for other types of intrinsic kinetics 
must be left to the references, a few qualitative remarks are needed here. First, 
notice that for a reversible reaction, the minimum substrate concentration in the 
particle is the equilibrium concentration. Thus, when calculating an asymptotic 
effectiveness factor as in Eq. (4.33), the lower limit on the integral should be the 
equilibrium value. Interestingly, stoichiometry within a catalyst pellet can be 
altered from that in the bulk by the relative diffusion coefficients of the chemical 
species involved. This phenomenon is illustrated in Prob. 4.8. 

As a final anecdote on the intriguing possibilities in such coupled diffusion- 
reaction systems, let us consider a situation in which the intrinsic kinetics are of 
substrate-inhibited form. If the external substrate concentration So is greater than 
the substrate concentration corresponding to maximum rate (see Sec. 3.4.1), as 
the reaction occurs in the pellet, the decreased substrate concentration will result 
in a larger local reaction rate than that at the exterior surface of the catalyst 
Particle. In such situations, it is possible under certain conditions to observe 
effectiveness factors larger than unity. This counterintuitive situation, reasonable 
after some contemplation, is a possibility for any reaction rate expression exhibit- 
ing autocatalytic features—that is, giving larger reaction rates as the extent of 
reaction increases, 


4.4.3 Simultaneous Film and Intraparticle 
Mass-Transfer Resistances 


The previous two sections have examined special cases of the mass transport- 
chemical reaction interactions sketched in Fig. 4.16. li~general, substrate must 
first traverse the external film or boundary layer and subsequently diffuse into 
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the catalyst where reaction occurs. One goal of our investigation of this general 
situation will be derivation of guidelines for use of the simpler models considered 
above. That is, when does internal resistance dominate, when does external re- 
sistance dominate, and when must both be considered? 

These central points can be addressed adequately by considering a relatively 
simple problem with slab geometry for the immobilized enzyme catalyst and first- 
order intrinsic kinetics. In this case, the steady-state intraparticle mass balance 
on substrate is 

2 
Pes A —ks=0 (4.46) 
dx 


with centerline symmetry condition 


ds 


S ag 4.47 
T (4.47) 


x=0 


At the exterior surface of the slab (x = L), no substrate accumulates. Transport 
into this surface by intraparticle diffusion equals transfer out by film transport, 
giving the final boundary condition: 


ds 


ee = k[s(L) — so] (4.48) 
dx 


x=L 


Solving the problem posed by Eqs. (4.46)-(4.48) gives the effectiveness factor 
n; for this situation which can be written in the form 


tanh @ 


= : (4.49) 
pCl + (ġ tanh ġ)/Bi] 


Ns 


where the Thiele modulus ¢ is defined as before (see Eq. 4.37; for slab geometry 
V,/A, = L). The important new parameter appearing here is the Biot number Bi, 
defined as 


kb characteristic film transport rate 


Bi = 4.50 
Ps characteristic intraparticle diffusion rate oe 
It is useful to rearrange Eq. (4.49) into the following form 
1 1 3 
—=-+ aa (4.51) 
Ns n 1 


where here y ( = tanh ġ/ġ) denotes the effectiveness factor for the catalyst with- 
out film transport resistance. The reciprocal of the effectiveness factor may be 
viewed as a measure of the resistance to substrate reaction imposed by substrate 
transport requirements. Consequently, Eq. (4-51) echoes the familiar rule that the 
overall resistance equals the sum of resistances in series. 
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This equation provides the needed basis for deciding when one of the re- 
sistances can be neglected. If 


no? © kL 
Bi Bh g $! (4.52) 


then the influence of external film resistance is negligible. If instead kL/k, is much 
larger than unity, internal resistance can be ignored. If neither condition is sat- 
isfied, both resistances must be considered. Notice in this case that as @ increases, 
n, becomes inversely proportional to ¢2 Plotting n, VS. ® for various Bi values 
reveals an alternative criterion which does not require knowledge of the intrinsic 
rate constant: if Bi is of the order 100 or greater, the effects of external resistance 
are not significant. 

The general concepts just summarized apply also to other geometries and 
intrinsic kinetics. While details must be left to the references, we can see that 
evaluation of the mass transport steps which significantly influence the overall 
rate depends on examination of the relative values of characteristic reaction, 
intraparticle diffusion and external mass transfer rates. 


4.4.4 Effects of Inhibitors, Temperature, and pH 
on Immobilized Enzyme Catalytic Activity and Deactivation 


Quantitative representation of enzyme deactivation and of the effects of reaction 
parameters—concentrations of inhibitors and activators, temperature, pH, ionic 
strength, and others—on enzyme activity were considered for enzymes in solu- 
tion in the previous chapter. Generally, we can expect the same types of function- 
al forms to describe the parametric dependence of immobilized enzyme intrinsic 
activity. However, as noted several times above, it is possible that immobilization 
may alter the intrinsic properties of the enzyme. Different rate constants may be 
required for immobilized enzymes, and immobilization may even alter the form 
of the equation needed to describe the effects of reaction parameters on the 
immobilized enzyme intrinsic activity. Determination of the response of immobi- 
lized enzyme intrinsic catalytic activity to changes in reaction parameters re- 
quires careful kinetic studies using the methods described above to be certain to 
examine intrinsic kinetic behavior and not a combination of mass transfer and 
catalytic rates. : 

One major purpose of this section is to point out the influence which mass 
transport processes can have on the relationship between apparent overall cata- 
lytic activity and the environment of the immobilized enzyme catalyst. Examina- 
tion of first order kinetics suffices to make the necessary observations. First, 
remember that for an immobilized enzyme catalyst operating in the reaction- 
limited regime, the observed overall kinetics are the same as the actual, local 
intrinsic kinetics. Thus, the observed overall kinetics will be first order with rate 
constant equal to the intrinsic rate constant. On the other hand, for an immobi- 
lized enzyme catalyst functioning in the diffusion-limited regime, the apparent 
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overall kinetics will still be first order, but the apparent rate constant will be the 
square root of the intrinsic rate constant. (In general, if the intrinsic kinetics are 
nth order, the apparent kinetics under diffusion-limited conditions will be of 
order (n + 1)/2.) Thus, the apparent activation energy will be one-half of the true 
activation energy. Similarly, the effect of all reactior parameter changes on the 
observed overall kinetics will be smaller than the actual effects of those param- 
eter changes on the local, intrinsic kinetics. For example, deactivation processes, 
addition of an inhibitor, or a change in pH which reduces the intrinsic kinetic 
rate constant by a factor of 4, will only reduce the observed overall rate by a 
factor of 2 under diffusion-limited conditions. 

Therefore, one must be very careful in studying the effects of reaction param- 
eters on the kinetics of immobilized enzyme-catalyzed reactions. Without care to 
operate under reaction-limited conditions or to extract intrinsic kinetic informa- 
tion from measurements under diffusion-influenced conditions, conclusions will 
be reached about the immobilized enzyme activity response to reaction condi- 
tions which are valid only for that particular catalyst formulation under the 
particular contacting conditions studied and which do not characterize the in- 
trinsic behavior of the immobilized enzyme. Then, any change in flow rate of 
substrate solution past the particles, change in particle size, change in particle 
pore structure or change in the amount of enzyme in the particle or its internal 
distribution will aiter the parametric response of the catalyst from that deter- 
mined previously. This illustrates the importance and indeed the necessity of 
identifying properly those attributes of the immobilized enzyme system which are 
due only to mass-transfer effects and those which reflect the intrinsic properties 
of the immobilized enzyme. 

Unfortunately, such concern has been absent from many published studies of 
the parametric responses of immobilized enzyme systems. Remembering that 
most immobilized enzyme catalysts operate under diffusion-influenced if not 
highly diffusion-limited conditions, this means that many of the observations 
which have been reported in the literature about deactivation rates and pH and 
temperature effects on immobilized enzyme kinetics do not describe solely in- 
trinsic immobilized enzyme properties. 

Ample evidence exists, however, to conclude that enzyme immobilization can 
alter the intrinsic kinetics of enzyme deactivation. Several different mechanisms 
and explanations for this phenomena have been proposed, postulated, and some 
have been tested experimentally, and we shall briefly survey these next. First, by 
holding the enzymes in relatively fixed spatial position, immobilization reduces ` 
interaction between enzyme molecules which contributes to deactivation by ag- 
gregation and to autolysis by proteolytic enzymes. Second, by attachment of the 
support to several points on the molecule, unfolding of the protein is retarded. 
Dramatic stability enhancements have been reported based on this strategy in 
which gel entrapment was applied to attempt to form a local support microstruc- 
ture complementary to the enzyme surface. Similarly, deactivation caused by 
dissociation of oligomeric proteins may be reduced by immobilization which 
stabilizes the active, multiunit structure. 


ON 
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Enzyme stabilization by immobilization may also be caused by the existence: 
of a local environment for the immobilized enzyme which is less damaging than 
bulk solution conditions. Examples include support surfaces which buffer pH 
changes, reduce local oxygen solubility, adsorb poisons, or catalyze conversions 
of denaturants (for example, H,O,) to innocuous components. Future extensions 
of these concepts can be expected as immobilized enzyme structure and function 
are increasingly understood and approached on a fundamental scientific basis. 


CONCLUDING REMARKS 


We have now examined some of the current avenues of commercial application 
of enzyme catalysis. In addition, we have learned how enzymes can be immobi- 
lized for continuous use, and we have analyzed the kinetic features of immobi- 
lized enzyme catalysts. Next we turn our attention to natural multienzyme 
systems—living cells in which elaborate looping and branching networks of en- 
zyme-catalyzed reactions occur. 

In the next chapter, we examine the stoichiometric and thermodynamic fea- 
tures of cellular reaction networks. Then, the control systems for these reaction 
pathways are considered in Chap. 6, and the kinetics of cell populations are 
subsequently explored. Before attempting analysis of biological reactors in Chap. 
9, central concepts of energy, mass, and momentum transport are reviewed in 
Chap. 8. Those interested primarily in enzyme reactors may wish to read next the 
analysis and design of biological reactors presentation in Chap. 9. Sections 9.1.2 
and 9.1.4 specifically address enzyme reactor analysis, and several topics in Sec. 
9.6 on multiphase reactors apply to immobilized enzyme bioreactors. 


PROBLEMS 


4.1 Particulate substrates A suspension of uniform-sized gelatin (polyglycine) particles is mixed with 
a proteolytic enzyme powder to give a final mixture of a volume fraction gelatin, and e moles of 
enzyme per liter of suspension. 

(a) If the particle size is initially dọ, derive expressions for the time-varying production rate of 
the (assumed) sole product glycine and for the time rate of change of particle size. Assume that the 
rate of reaction is given by the Michaelis-Menten form for sọ < eg, that is, 


Rate kegs, 
Volume ey) + Ky 


where s, is the surface area of substrate per unit volume of reactor. 

(b) If silver particles in developed photographic film are to be recovered by enzyme digestion of 
the gelatinous binder, what is the shortest length of contact time between film and enzyme solution 
needed for total binder hydrolysis? 


4.2 Autocatalysis The batch-autocatalytic activation of pepsin [Fig. 4.4] may be presumed to follow 
Michaelis-Menten kinetics. . 
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(a) Show that the maximum rate is reached when 


K (39 + ey) ~— 9) 


K +s 


s= 


(h) Show that the course of the reaction in time is 


l K eq s So ~ 8 
=t = =| -—- Inf — ~- ] lnd 1 + —- - 
kz] So + eo So So + eo — S, eo 


(c) Sketch the Lineweaver-Burk or I/v vs. 1/s behavior of such an autocatalytic system. What 
other form of plotting data would be more useful? 
4.3 Multiple substrates In industrial enzyme reactors, more than one substrate is often present in the 
reaction mixture. 
(a) Show that for a two-substrate solution, the rate of conversion of S, and S, is given by 
5 


a : max, j a. Li) = 1, 2), 2,1 
Ho pe K,/s{1 + s,/K;) Daa 


and thus each substrate acts as a competitive inhibitor for the other. 

(b) Derive a general form for the total reaction velocity when m substrates are present simulta- 
neously. 
4.4 Cellulose-hydrolysis kinetics The enzymes which degrade cellulose include a solubilizing enzyme, 
an enzyme producing the dimer cellobiose, and the cellobiose hydrolyzer B-glucosidase (Fig 4.1). As 
the earlier two enzymes are inhibited by cellobiose (taken to represent all inhibitory oligomers), a 
simplified reaction network can be written 


k 
[G] +E, ——— E [G] 
E, + G, EEA E,G, 
E, [G:] EA E, pa G, 


where [G,], G, are insoluble cellulose and soluble cellobiose and E, is indicative of the enzyme 
involved in the slowest step leading to cellobiose. 

(a) In a B-glucosidase-deficient system, glucose production can be ignored. Derive appropriate 
forms giving the explicit dependence of g, upon time for competitive inhibition. Repeat for noncom- 
petitive inhibition. 

(b) Show graphically that a plot of g./t vs. (1/t) In (so/g,) should provide a means of distin- 
guishing between uninhibited, competitive, and noncompetitive inhibited systems. Why is a plot of 92 
rather than remaining substrate useful here? (Experimentally, the kinetics is noncompetitive: J. A. 
Howell and J. D. Stuck, “Kinetics of Solka floc Hydrolysis by Trichoderma viride Cellulase,” Biotech- 
nol. Bioeng. 17: 873, 1975). 


4.5 Biocatalyst design for reaction limitation Acetyl-L-tyrosine-L-ethyl ester (ATEE) is hydrolyzed by 
immobilized z-chymotrypsin at a characteristic overall volumetric rate of 18.4 pmol ATEE-cm~?-s~!. 
The effective diffusion coefficient of ATEE has been estimated to be approximately 3.8 x 1076 cm?/s. 
What range of biocatalyst sphere radii is appropriate for studying the immobilized enzyme kinetic 
properties under reaction-limited conditions? 


4.6 Mass-transfer disguise of immobilized enzyme deactivation Consider an immobilized enzyme 
which loses activity irreversibly as described by Eq. (3.78). You may assume that substrate conversion 
kinetics are approximately first order. 

(a) Suppose that the enzyme is immobilized on the outer surface of a solid support impermeable 
to substrate, and that the Damkohler number at t = 0 is large. Plot the variation with time in the 
effectiveness factor and the reaction rate. If due allowance was not made for mass-transfer effects, 
what mistaken conclusions might by reached about the effects of immobilization on enzyme stability? 


A 
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(b) Consider the same question for a different situation in which the enzyme is immobilized 
within a permeable sheet. Assume that external Mass-transport resistance is relatively negligible. 


4.7 Hysteresis: pH influence on immobilized papain A papain-coated pH electrode surface is observed 
to generate a pH at the electrode surface (internal pH) which follows one of two different curves vs. 
external bulk solution pH depending on the direction of pH change. (Reaction: benzoyl-arginine ethyl 
ester hydrolysis which produces acid). (See Fig. 1 in A. Naparstek, J. L. Romette, J. P. Kernevez, and 
D. Thomas, Nature 249: 490, 1974.) 

(a) Assuming so > K,, and that the enzyme layer is very thin, show that external mass transfer 
could account for this behavior by noting that the optimum pH for papain is 6.0. 

(b) The kinetic constants of the soluble enzyme for this reaction at pH 6.0 and 20°C are k, = 
19.LU (umol BAEE/min/mg E) and K,, = 5-107? M. If the electrode enzyme loading is « mg E/cm? 
electrode surface and this enzyme is only 6 percent as active as the solution enzyme, estimate the 
values of the mass transfer coefficient for hydrogen ion and the pK, of the enzyme which gives the 
best fit of the data (assume s > K,, everywhere). 

(c) From the estimated value of pK, and the given parameters of part (b), calculate and plot the 
value of the effectiveness factor(s) for this situation versus external pH. These results should show 
some values greater than unity and some multiple solutions at a given pH. (See also J. E. Bailey and 
M. T. C. Chow, Biotechnol. Bioeng. 16: 1345, 1974.) 


48 Intrapellet stoichiometry The enzyme-catalyzed reaction 
aS, + BS, ———=> yP, + ôP, 


(a, B, y, and 6 are stoichiometric coefficients) occurs inside a porous immobilized enzyme catalyst 
pellet. 

(a) Using the material balances for reactants and products, express all concentrations inside the 
pellet in terms of the concentration of S, (at the same Position in the particle), the concentrations at 
the external particle surface, and the effective diffusion coefficients of the substrates and products. 

(b) Show that a sparingly soluble reactant will tend to limit reaction rates within the immobi- 
lized enzyme particle. 


4.9 Reversible glucose isomerization in a packed column The commercially important isomerization of 
glucose to fructose is conducted in a packed-bed reactor column using immobilized glucose isomerase 
which exhibits reversible Michaelis-Menten kinetics [Eq. (3.18)]. 

(a) Show that the substitution ṣ5=s-s, (Se = equilibrium concentration) gives a simple 
Michaelis-Menten equation in 5. What are the expressions for the apparent Michaelis and maximum 
velocity constants, K,,» and Vapp Of this equation? 

(b) With porosity £ and average flow velocity u, in a one-dimensional packed bed, the change in 
the variable 5 with position can be described by 


ds 
a(z) = —(1 — ew 


with the single boundary condition § = So — Se at z = 0. Integrate this equation to obtain a reactor 
performance equation for the space-time t defined as [L(1 — e)/eu,] = [reactor (catalyst) volume/ 
volumetric flow rate]. 

(c) Consider a slowly deactivating enzyme in the packed-bed reactor of part (b) above. If 
deactivation proceeds such that e(active) = e(t = 0) exp (—k,t), derive from part (b) above, appro- 
pniately modified, a function f [(So, Um, app 5(L)] which, plotted vs. time t, would allow evaluation of 
both t and k,. 

4.10 Nonuniformly loaded immobilized enzyme catalyst Assuming first-order kinetics, compare the 
overall rates and the effectiveness factors when the same amount of enzyme activity is immobilized in 
a porous slab, or 

(a) Distributed uniformly throughout the slab, or 

(b) Concentrated in an outer layer near the external catalyst surface. No enzyme is present in 
the inner core, occupying one-half of the slab thickness. Enzyme activity is uniformly distributed in 
the outer layer. 
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4.11 Simultaneous kinetic- and mass-transfer parameter evaluations An enzyme is immobilized on the 
surface of a nonporous solid. Assuming that the external mass-transfer resistance for substrate is not 
negligible and that the Michaelis-Menten equation describes the intrinsic kinetics: 

(a) Derive an expression which indicates the explicit form of the coefficients in a Lineweaver- 
Burk plot. From this result, what is the apparent maximal velocity Umax and Michaelis constant K2?? 
“n terms of the real variables Emar Km and k, (mass-transfer coefficient)? 

(b) If a sufficient range of substrate concentrations is examined, show graphically (sketch) how 
the parameters Umax Km and k, can be evaluated. 

4.12 Immobilized enzyme kinetics with ion partitioning The concentration dependence of a charged 
species (substrate, inhibitor) in a charged matrix. e.g. that of an enzyme membrane. may be 
expressed as 


Eas eee = [C "Jour soin em i 


where z = ion charge of species 
e = charge of one electron 
w = electrostatic potential of membrane (Y om = 0) 


Show that K, and K, have apparent values given by 
Kapp = Rouse 


if bulk solution concentrations are used. Making allowance for the existence of e. e~, and e27 in the 
membrane, show that the maximum initial rate (ignoring mass-transfer effects) is obtained by choos- 
ing an enzyme support matrix with a Ņ such that 


p4 ho Kx So\/ K> ho 
ka m Cok Ne ka 


where x = e*'?T and ho = [H+] in bulk solution (e~ is the active enzyme form). 
4.13 Microencapsulation: ß-galactosidase The kinetics of lactose conversion by f-galactosidase 
includes a product-inhibition term: 

Ums 


"= RF pKs 


To allow easy recovery of -galactosidase from milk, the enzyme solution was encapsulated in thin 
microcapsular cellulose nitrate membranes of diameter d x 30 um (microcapsules). 

(a) If vy, = kpo kp, = 0.57 pmol/(mg enzyme-min), K,, = 0.54 mM. K; = 1.5mM. construct 
Lineweaver-Burk plots for p = 0, 0.5, 1.5, 5, and 10 mM (eo = 75mg per 100mL). 

(b) Without evaluating the formula above, use the graph in part (a) to sketch the trajectory of a 
batch reaction (l/r vs. 1's for this plot) when the initial values are 


Po, mM 


(c) Show that even under the maximum possible rate of reaction in the microcapsule, the 
system in part (a) is reaction-rate-limited, i.e., diffusion of substrate and product is rapid compared to 
reaction (see D. T. Wadiak and R. G. Carbonell, Kinetic Behavior of Microencapsulated B-Galactosi- 
dase, Biotechnol. Bioeng. 17: 1157, 1975). 


4:14 Membrane bioreactor Enzyme is retained in a continuous-flow bioreactor using an ultrafiltra- 
tion membrane. Active enzyme in the reactor deactivates following first-order kinetics with rate 
constant k,. In order to maintain uniform effluent product quality, active enzyme is continuously 
added to the reactor in order to maintain a constant concentration e, Of active enzyme in the reactor. 
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A gel layer of enzyme accumulates on the membrane, adding resistance to solution flow. To compen- 
sate for this, the pressure drop across the membrane is continuously adjusted in order to maintain a 
constant flux J of the reaction mixture through the membrane. However, the desired flux J cannot 
be achieved if the total concentration of enzyme e,,, (active + inactive) exceeds a maximum value 
given by 


Cmax = €s XP (—J/k,) 


where e, is the saturation concentration of enzyme and k, is an enzyme mass transfer coefficient. 

(a) Determine the total enzyme concentration in the reactor as a function of time. 

(b) The reactor must be shut down and cleaned when the flux falls below J. Determine the 
maximum reactor operating time tm, aS a function of J. 

(c) Determine the value of J which maximizes the total amount of product obtained during an 
operating period (0<t<t,,,) for e9 =Skgm~*, e,=100kgm~3, k,=0.017mms"}, k,= 
0.018 d=}. 

(d) Redo the calculation of part 3 for e, = 50 kg m~?, all else being equal. 

(e) How is the calculation in part (c) above influenced by the deactivation rate constant k,? 
What other economically important parameters are affected by k,? 
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CHAPTER 


FIVE 


METABOLIC STOICHIOMETRY 
AND ENERGETICS 


A living cell is a complex chemical reactor in which more than 1000 independent 
enzyme-catalyzed reactions occur. Still, the material and energy balance restric- 
tions and thermodynamic principles familiar from analysis of chemical process 
systems apply equally well to biological systems. In this chapter, we shall 
examine the cell as a chemical reactor, focusing on the stoichiometric rules and 
energy flows which characterize living organisms. 

The total of all chemical reaction activities which occur in the cell is called 
metabolism. A simplified diagram of some of the major elements of metabolism in 
the bacterium Escherichia coli is shown in Fig. 5.1. We see there that metabolic 
reactions tend to be organized into sequences called metabolic pathways, and 
that there is some connection between the pathways by virtue of circular, closed 
pathways feeding back on themselves and because of pathway branches which 
connect one reactiori sequence with another. All of the arrows in Fig. 5.1 denote 
one or more enzyme-catalyzed reactions which convert cell constituents (metabo- 
lites) to different compounds. 

A cell produces order (itself and its offspring) from its disorderly surround- 
ings. We now know in some detail how energy from the environment is used to 
drive this process. Finally, and perhaps of greatest importance in bioprocess 
engineering, the study of energy exchanges helps explain the major distinction 
between cell function in the presence and absence of oxygen. As we have already 


228 


co ed ostheric 


eo tan a rn ap 


TOO Seema - 


oe nace ee Bae eae 


ISLA AOE ACPO. OS TARRE SAAE ERR COLI 


DL 


at aig 
i 


Fe Reem ee anae a ae meme mm. 


(oL6r' H404 MAN “uy ‘'unuvluəg `V ‘M ‘16-96 ‘dd “pa pz .‘auan ayi fo 


ram: 


ABOO aninoapop „ UOS A F wodf uosstudad £q pannaday ) ‘yoo 9 wnuaprq I Ul skemued oroqeyw sofew ay) JO maj g jo Arewuins y p's əm3iy = 
N 
Z PERH _ 7 auljoldg 
anony- x% — —— — — — —--——— ==- ouen >un] 
~ 


Ni 
a aui y 


Z N 


NLUINSOJLXO VOD-JÁUDING 


/ ajoAo \ 


sowAzus A10je1dsay 


29 auau y- Q 


na aeiAInqolay- v <—-—— — uoy <——— 


oel uyo Asojyesidsay 


37214120S] NLUING 
i 4) CP 4 | SUIUOIYIIP €- n- — — — — _ PIE AA 
alt aenuosy-s1o VIL aerewny ASIN ` ENA A H 
— Jy AN Z | | l 
day ALY jx _ Lia NUNI ILILEN Wr tr tr et = aneuiedsy 
. a y > aulonajos| | PIA 
VOD-JÁUOJRW = - Yop-JÁ129V 7 | auidesedsy É, / | 
l s a əunnəq | yt i 
l : s7 | apAyapyerwes i 
“ os 312 ad -—— + — — = = = 4 -$ —> 9}2]08j0139V | oniedsy | 
VWop-[ArAng “S | 7 
(ie. hare S i k i 
=== ere ep Uey ƏUHLA | əuIsÁqT i 
Á a we m ae e a e ue me me e ma e m —— SSS SSeS a 

. @-10109415 proe stansAdjousoydsoug I 7 

a T g UPI = plore N01 ` 

proe sta04}30ydsoyg-¢ -— ——— = DIUI a a =- ! ! 

(s183) SPHA | hs ausig€ 7 .- Sapnosponu a 

a Fert eee ee, 
» @-2uoj20eh xospAyiG —>@- €-epAyapyes99415 7 sophoayanu Suung @- ç oaii DD! 
. poe apneydsoyd a we Ped t-—- J-— f | 


[SPRE SOPAN] Pe 


l 

| 

| 

@-1-əsoonjo —> pioe duosnonsoydsoyg-9 —> @)-S-asojngry | 
l 

| 

l 


@-9-@-1-2so19n14 


(i 


spidjoųdsoyd 


@)-9-2s809n|5 
zuegu 129 f ( y J 
asoanin 9soon|3-(@)@)-eurpuy) @-p-asop hag 
P: } i» 
Aemyied seuseg-joysohaw-uspquiq ISOWI pise onys 
Aaa UISOIA 
stsoyjuds pidiy jo síemyed PA be ý 


sisayuds dLV jo SÁemyed — —— — — 
SIsayUAS plow IMAPNU Jo skemyIeg —-—.—.—- 
sisoyiuds poe OLIWIE jo skempieg —-~——— aurueyeyAusyg* f 


ueydoidág æ- >@: ç-rwyiys 


syuduodWOd [jem J23 


Ter ANANKA mca a spanie aar SAS OAOE AEL: oN I O EA SA 


230 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


commented, these two conditions are called aerobic and anaerobic, respectively, 
While some cells (obligate or strict anaerobes) do not use free oxygen and other 
cells require it (obligate aerobes), a third class of cells can grow in either environ- 
ment. Yeast is a familiar example of this metabolically versatile third group, 
known collectively as facultative anaerobes. 

Two different kinds of energy, light and chemical, are tapped by inhabitants 
of the microbial world. Organisms which rely on light energy are called photo- 
trophs, while chemotrophs extract energy by breaking down certain nutrients, 
Further subdivision of the chemotrophs is possible according to the nature of the 
energy-yielding nutrient. In particular, lithotrophs oxidize inorganic material, and 
organotrophs employ organic nutrients for energy production. Some examples 
will be mentioned shortly after we have introduced cellular nutrition. 

The energy obtained from the environment is typically stored and shuttled in 
convenient high-energy intermediates such as ATP (Sec. 2.3.1). The cell uses this 
energy to perform three types of work: chemical synthesis of large or complex 
molecules (growth), transport of ionic and neutral substances into or out of the 
cell or its internal organelles, and mechanical work required for cell division and 
motion. All these processes are, by themselves, nonspontaneous and result in an 
increase of free energy of the cell. Consequently, they occur when simultaneously 
coupled to another process which has a negative free-energy change of greater 
magnitude. We shall return to this theme in Sec. 5.1. 

Biosynthesis work is performed with relatively high efficiency of free-energy 
utilization, typically greater than about 20 percent. The transport work also 
involves ATP consumption in a process unique to living systems; small molecules 
and ions can be moved through membranes against a concentration gradient to 
achieve a ratio of concentrations on the two sides of the membrane as great as 
10°. Mechanical work is evident during cell division and bacterial and protozoal 
movement. Animal muscle activity and sperm swimming also imply ATP partici- 
pation; the resulting direct conversion of chemical free energy into mechanical 
work without such intermediates as electricity or heated gases is also unique to 
life. Losses during chemical energy conversions in cells result in heat generation 
which must be considered when engineering processes for cell growth. 

In order to grow and reproduce, cells must ingest the raw materials neces- 
sary to manufacture membranes, proteins, walls, chromosomes, and other com- 
ponents. From our review of the atoms and compounds of life, four major 
requirements are evident: carbon, nitrogen, sulfur, and phosphorus; hydrogen 
and oxygen may be obtained from medium components or in some instances 
from water. Typical sources of these elements are listed in Table 5.1, and Fig. 5.2 
shows a schematic view of their utilization in an imaginary bacterium. This or- 
ganism would be called a heterotroph because its carbon comes from an organic 
compound. Other microorganisms can use simpler nutrients: autotrophs require 
only CO, to supply their carbon needs. By combining these classifications by 
carbon source with those based on energy source, we can construct appropriate 
adjectives which are descriptive of the cell’s metabolism. Table 5.2 gives this 
nomenclature and example organisms of each type. The fact that different cells 
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Table 5.1 Typical sources of elements 


Element Source 

cee a a es 
Carbon CO,. sugars, proteins, fats 
Nitrogen Proteins, NH;. NO; 
Sulfur Proteins, SO2~ 
Phosphorus POL- 


a cee S 


employ different carbon and energy sources shows clearly that all cells do not 
possess the same internal chemical machinery. While the differences are impor- 
tant and will be discussed further, we shall concentrate in this chapter on aspects 
of metabolism which are common to many varieties of living cells. 

In Fig. 5.2 the reactions within the cell have been subdivided into three 
classes: degradation of nutrients, biosynthesis of small molecules, and biosynthe- 
sis of large macromolecules. The number of different chemical reactions necessary 
for sustenance of cell life is of the order of 1000 or more. As we have already 
commented, each reaction is catalyzed by an enzyme. The enzymes serve the 
essential function of determining which reactions occur and their relative rates. 

In order to appreciate the importance of regulating relative reaction rates, a 
different view of the cell’s chemistry is useful. Many reacting substances within 
the cell (metabolites) can be attacked simultaneously by several different enzymes 
—perhaps to oxidize them, reduce them, or couple them to other molecules. 
Thus, the sequences of reactions occurring in the cell intersect and overlap in 
complex ways, as Fig. 5.1 illustrates. Notice, for example, how pyruvate, the final 
product of the Embden-Meyerhof (also called Embden-Meyerhof-Parnas or 
EMP) pathway, can be used in five different pathways. Although the reaction 
patterns shown in Fig. 5.1 may appear very complex, we should recognize that it 
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Figure 5.2 Schematic diagram showing synthesis of biological macromolecules from simple nutrients 
in a bacterium. / Reprinted by permission from J. Mandelstam and K. McQuillen (eds.), “ Biochemistry 
of Bacterial Growth,” 2d ed, P. 4, Blackwell Scientific Publications, Oxford, 1973.) 
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Table 5.2 Classification of organisms by carbon and energy source 


Energy source 


= eee 


Carbon source ~ Chemical Light 

a a a a a a a 

Organic compounds Chemoheterotrophs (higher animals, Photoheterotrophs (some 
protozoa, fungi, and most bacteria, some eucaryotic 
bacteria) algae) 

CO, Chemoautotrophs (some bacteria) Photoautotrophs (higher plants, 


eucaryotic algae, blue-green 
algae, and some bacteria) 


is an extremely abbreviated version of the entire story: nowhere near 1000 steps 
are shown. Also, Fig. 5.1 does not indicate that portions of these metabolic 
pathways are reversible, so that they help accomplish either synthesis or degrada- 
tion of a biomolecule. Later in this chapter we shall examine some of these 
pathways and the enzymatic machinery for controlling them in greater detail. 

There is still another omission from F igs. 5.1 and 5.2. We have not shown the 
release of metabolic end products from the cell. Many of these compounds are 
substances unnecessary or useless for the cell’s function; others, e.g., antibiotics 
and extracellular enzymes, serve a purpose. From the perspective of humankind, 
these end products (alcohols, organic and amino acids, antibiotics, and many 
others) are often valuable, making it profitable to produce them by growing cells. 
For technological processes, we usually seek a cellular species which is inefficient 
from a biological point of view in that it produces much more of some biochemi- 
cal than it can use. Another objective in this chapter, therefore, is to trace the 
interconversions of various chemical compounds within the cell so that we shall 
have some idea of what we may be able to manufacture using living organisms. 
While we shall only scratch the surface of these topics here and in later chapters, 
we should be able to gain an appreciation of the tremendous complexity and 
variety of reaction processes which abound in the biological world. 

Since the elemental composition of a particular species of microorganism or 
animal cell is not extremely variable, certain stoichiometric and thermodynamic 
constraints apply to cellular metabolic activities. The synthesis of a certain 
amount of cellular material implies the utilization of an amount of carbon, nitro- 
gen, and oxygen from the cell environment simply to account for the new cell 
mass. Furthermore, if we know the chemical form in which these different ele- 
ments are supplied in the medium, we can establish additional constraints relat- 
ing the amount of substrate consumed, the amount of cell material produced, and 
the amounts of certain products formed. Also, since there is an energy require- 
ment associated with synthesizing all of the necessary components required to 
produce additional cells, a particular amount of energy generation activity is 
implied. This in turn, given a particular reaction pathway for obtaining energy in 
the form of ATP, implies corresponding requirements with respect to the amount 
of chemical or light energy utilized by the cell. 
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In fact, material balance constraints and thermodynamic requirements give 
useful working relationships within a very simplified view of cellular activity, one 
which is entirely macroscopic and which does not utilize any information about 
the internal chemical workings of the cell. This macroscopic view, considered 
further in Sec. 5.10, examines the utilization of substrates by cells to produce 
more cells and certain products. Based on this perspective, we can develop equa- 
tions for inferring certain biological reactor conditions from available measure- 
ments and for testing the consistency of experimental data. 

In this chapter, we will build from fundamental detail to overall macroscopic 
views following the sequence of the preceding outline. We begin by looking in 
some detail at the role of ATP, the energy shuttle in the cell, and the types of 
reactions in which energy is transferred to and taken from this carrier. Also, the 
importance of oxidation-reduction reactions in the cell is considered along with 
the electron carrying reagents NADH and NADPH. Then, we turn to certain 
catabolic reaction pathways—reaction pathways involving the breakdown of cer- 
tain nutrients, here typically glucose, to determine their energetic and chemical 
stoichiometry. Photosynthetic mechanisms are reviewed briefly. Subsequently, 
some of the synthetic pathways of the cell are considered from the same view- 
point. Next, we examine coupling between energy and electron generating path- 
ways and those pathways which utilize these cellular commodities, and, finally, 
we examine the overall stoichiometric constraints which apply to cell growth. To 
conclude the chapter, the stoichiometry of product formation and its relationship 
to cell growth stoichiometry is considered. 


5.1 THERMODYNAMIC PRINCIPLES 


To get an idea of whether a certain chemical reaction in the cell will run forward 
or backward, we will use a number of approximations since full analysis of the 
entire metabolic network is not practical. First, we note that the free-energy 
change AG’ of the single chemical reaction 


xA + BB —yC + ôD (5.1) 
can be written in the form 
cd? 
AG’ = AG” + RT ln | — (5.2) 
(Cy 
As before, lowercase letters a, b, ... signify molar concentrations of compounds 
A, B, ... . In writing Eq. (5.2), we have substituted concentrations for activities 
since biological solutions are typically dilute. Here, primes denote evaluation in 
aqueous solution at pH 7. Accordingly, under these conditions, the concentra- 
tions of water and H* are not included in the last term of Eq. (5.2) even when 
H,O and H* appear in reaction (5.1). The standard free energy change AG” thus 
denotes the free energy change of reaction (5.1) in neutral aqueous solution with 
all other reactants and products present at 1 M concentration (see Ref. 1). 
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In a closed system, the reaction will proceed from left to right if and only if 
AG’ is negative. Accordingly, AG’ is zero at equilibrium giving the well-known 
relationship 


AG” = -RT In Ki; (5.3) 
where 
y Jå 
Keq = Ceasa (5.4) 
caba 


Remember that if water or H* are involved in the reaction, their concentrations 
do not enter into the calculation of the nght-hand side of Eq. (5.4); the value of 
K already includes the water and H* concentrations (for pH 7). 

Occasionally in the following discussion, we will associate negative values of 
AG” with reactions which occur from left to right. This is clearly an approxima- 
tion since a cell is not a closed system and since reactants are generally not 
present at 1 M concentration. The utility of this approximation in gaining a 
general understanding of bioenergetic principles is presented lucidly in Lehn- 
inger’s book Bioenergetics [1], which is recommended additional reading. 

However, we should recognize possible pitfalls of such a limited approach. In 
coupled-reaction networks of the kind indicated in Fig. 5.1, the direction of a 
major reaction path in cell metabolism is often not indicated properly by examin- 
ing an isolated reaction. For example, consider the reaction between two isomers 
in the Embden-Meyerhof pathway for glucose breakdown 


CHO oo 
CHOH —— C=O AG” = —1830 cal/mol (5.5) 


Glyceraldehyde ` Dihydroxyacetone-P 
3-phosphate 


where P denotes phosphate. Because of the negative free-energy change, equi- 
librium favors the dihydroxyacetone by a 22:1 ratio. However, as Fig. 5.1 indi- 
cates, when this reaction occurs within the EMP pathway, glyceraldehyde 
phosphate is continually removed by reactions leading ultimately to pyruvate. As 
the glyceraldehyde phosphate is tapped off, reaction (5.4) is forced to proceed 
from right to left in an attempt to maintain equilibrium. 

Many biological reactions and energy conversion processes involve oxida- 
tion-reduction reactions such as 


Aox + Brea Area + Box (5 6) 


The tendency for this type of reaction to occur is described frequently using the 
standard potential change AE”, which in turn may be written 


AE” = ECAgs/Area) a E Box!Brea) (5.7) 


SU SA of I CE ae aaa a A E N E OEE AO oe 
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where Eik a.ca) 18 the standard half-cell potential for the half-reaction 
Ags te 20° St Aad (5.8) 


As a reference point for half-cell potential values, the hydrogen half-cell (at pH = 
0) is assigned a value of zero: 


2H* +2e —— H, Eo = 0:00 V (pH = 0) (5.9) 
Free energy changes and corresponding potential changes are related by 
AG’ = —nF AE’ (5.10) 


where n is the number of electrons transferred and F araday’s constant F is equal 
to 23.062 kcal/V mol. Equation (5.10) indicates that only redox reactions with 
positive AE’ values proceed from left to right. If we require the value of AE’ for 
nonstandard conditions, Eqs. (5.2).and (5.10) may be used. 


5.2 METABOLIC REACTION COUPLING: ATP AND NAD 


In Chaps 3 and 4 the kinetics of isolated enzyme systems and the industrial 
utilization of free enzymes and enzyme preparations have been considered. The 
majority of the kinetic studies mentioned in Chap. 3 and most of the current 
important usages cited in Chap. 4 involve hydrolytic enzymes which, by defini- 
tion, split or degrade larger molecules into smaller components by consuming 
water as a second substrate. Such degradations proceed with a decrease in free 
energy of the system and are therefore spontaneous in a closed system. The 
present section introduces the mechanisms by which an open system, the living 
cell, is able to couple energy-yielding (exergonic) reactions with chemical reac- 
tions and other functions which do not occur appreciably unless energy is sup- 
plied (endergonic processes). 


5.2.1 ATP and Other Phosphate Compounds 


The structure and some properties of adenosine triphosphate (ATP) have been 
mentioned already (see Sec. 2.3.1 and Fig. 2.8). As noted there, the enzymatic 
hydrolysis of ATP to yield ADP and inorganic phosphate has a large negative 
free-energy change 


ATP +H,0 ——+ ADP +P, AG” = —7.3 kcal/mol (5.11) 


where P; denotes inorganic phosphate. Thus, a substantial amount of free energy 
may be released by the hydrolysis and, by reversing the reaction and adding 
phosphate to ADP, free energy can be stored for later use. Let us next examine 
how the latter situation can occur using coupled chemical reactions. 

Another example from the Embden-Meyerhof-Parnas pathway serves to il- 
lustrate the concept of a common chemical intermediate. Conversion of an alde- 
hyde in an aqueous medium to a carboxylic acid results in a free-energy decrease 
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of about 7000 cal/mol. As summarized in Fig. 5.3, this chemical free energy would 
be completely dissipated in an isolated solution. This does not occur in the living 
cell. In biochemical glucose oxidation, when 3-phosphoglyceraldehyde is con- 
verted into a carboxylic acid (3-phosphoglycerate), ATP is simultaneously regen- - 
erated from ADP (see reaction 2 of Fig. 5.3). The free-energy decrease resulting 
from aldehyde oxidation is coupled by the cell enzymes to the simultaneous 
regeneration of ATP. Since reaction 2 results in approximately no free-energy 
change, the free-energy released in oxidation of 3-phosphoglyceraldehyde has 
been transformed into a so-called high-energy phosphate bond in adenosine tri- 
phosphate. | 

The elementary reaction sequence by which the conversions actually occur is 
shown at the bottom of Fig. 5.3. The central important features of these last two 
reactions are: (1) the appearance of a common intermediate: the same compound 


1 Isolated oxidation of aldehyde to carboxylic acid (aqueous solution), 
RCHO + H,O ——> 2H+RCOO~+H*, AG? ~ —7 kcal/mol 
2 Same reactions, coupled to ATP generation (glucose oxidation), 
RCHO + HPO,?~ + ADP?- 2H + RCOO™ + ATP*~, 
AGS’ = 0 kcal/mol 
3 Evidently, 2 — 1 yields, 
ADP?- + HPO,” + H* ———> ATP*~+H,0O, AG3'~ +7 kcal/mol 


The elementary reactions occurring in 2 are, 


O HH 
J-P-0-C-C—C-H + HPO, ——> 
O HOH sa A E E A 
aie. 
aH HOS) 0-80-60 0- 8 0: | 
\ 0 HOHO O +¢ 
Yo HH ooN 
{ = P-0-C-¢-C—0- P07 + ADP”. 
\ 0 HOHO O + 


` 
E E N E EEE E E EET 


——> RCOO + ATP*~ 


Figure 5.3 Example of reactions coupled via a common intermediate. . 
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is a product of the first reaction and a reactant in the second and (2) the 
phosphorylated intermediate formed and consumed has a larger free energy 
of hydrolysis (with phosphate removal) than ATP. The equilibrium of the final 
reaction lies to the right, or product, side: thus this part of glucose metabolism is 
one of several points at which the cell regenerates the ATP needed for endergonic 
processes. This regeneration is accomplished by the conversion of a partially 
metabolized nutrient into a high-energy phosphorylated intermediate, which then 
donates a phosphate to ADP via an enzyme-catalyzed reaction. 

The phosphorylation of various compounds, including ADP, serves several 
functions. It provides a useful means of storing considerable fractions of the free 
energy of fuel oxidation. Free energies of hydrolysis of several compounds called 
phosphate donors are greater than AG” for ATP hydrolysis (for example, phos- 
phoenolpyruvate: AG” = —148kcalmol~'; 1,3-diphosphoglycerate: AG” = 
— 11.8 kcal mol~'). Consequently, hydrolysis of these compounds can be used 
to drive ADP phosphorylation. Similarly, ATP hydrolysis serves to phosphory- 
late “low-energy” phosphate compounds. The latter group has AG” values 
below that for ATP hydrolysis (for example, glucose-6-phosphate: AG” = 
—3.3 kcal mol` +; glycerol-1-phosphate: AG” = — 2.20 kcal mol” 1). 

Yet another function is served by phosphorylation. Highly ionized organic 
substances are virtually unable to permeate the cell’s plasma membranes. The 
charged phosphorylated compounds which serve as metabolic intermediates may 


- therefore be contained within the cell. In this manner, the maximum amounts of 


energy and chemical raw materials can be extracted from a nutrient. Typically, 
the last reaction in production of a metabolic end product is a dephosphoryla- 
tion. The uncharged waste material can then escape from the cell’s interior. 


5.2.2 Oxidation and Reduction: Coupling via NAD 


We have just reviewed the role of ATP as a shuttle for phosphate groups bound 
with rather high energies. In this section we shall consider briefly how oxidation 
and reduction reactions are conducted biologically and introduce the connection 
between these mechanisms and ATP metabolism. 

To begin, we should recall that oxidation of a compound means that it loses 
electrons and that addition of electrons is reduction of a compound. When an 
organic compound is oxidized biochemically, it usually loses electrons in the 
form of hydrogen atoms: consequently, oxidation is synonymous with dehydro- 
genation. Similarly. hydrogenation is the usual way of adding electrons, or reduc- 
ing a compound, e.g., the reduction of pyruvic acid and oxidation of lactic acid 


CH, +2H (reduction CH, 
| of pyruvic acid) | 


— 2H (oxidation 
COOH of lactic acid) COOH 


Pyruvic ies _ Lactic 
acid acid 
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(Pyruvic acid is the same compound as pyruvate in Fig. 5.1. Pyruvate refers to 
the ionized form CH,COCOO -, which predominates at biological pH.) 

Pairs of hydrogen atoms freed during oxidations or required in reductions 
are carried by nucleotide derivatives, especially nicotinamide adenine dinucleo- 
tide (NAD) (see Fig. 2.9) and its phosphorylated form NADP. These compounds 
were classified as coenzymes earlier since they usually must be present when an 
oxidation or reduction is conducted. When hydrogen atoms are needed, for ex- 
ample, the nicotinamide group of reduced NAD can contribute them by under- 
going the oxidation 


NADH NAD+ 
H H - 
ped 7 F 
He" ~C—C—NH; Ht — 2H (oxid.) HC~ ~C—CNH; 
+ T 

R | | I | 
a Oxidized 

form ra 


This oxidation is readily reversible, so that NAD can also accept electrons (H ` 
atoms) when they are made available by oxidation of other compounds. As indi- 
cated above, we shall denote the oxidized and reduced forms of NAD as NAD* 
and NADH, respectively. 

In its role as electron shuttle, NAD serves two major functions. The first is 
analogous to one of ATP’s jobs: reducing power (=electrons ~ H atoms) made 
available during breakdown of nutrients is carried to biosynthetic reactions. Such 
a transfer of reducing power is often necessary because the oxidation state of the 
nutrients to be used for construction of cell components is different from the 
oxidation state of biosynthesis products. As observed already, the oxidation state 
of carbon within the cell is approximately the same as carbohydrate (CH,O). 
Thus, autotrophic organisms, which employ CO, as their carbon source, use 
considerable reducing power when assimilating carbon 


While carbon dominates reducing-power requirements, nitrogen and sulfur 
assimilation often also demands some of the cell’s carrier-bound hydrogen. To 
estimate these needs, we may assume that cell material contains nitrogen at the 
oxidation level of ammonia (NH;), while sulfur’s oxidation state is approxi- 
mately that of sulfide (S?~). For example, use of sulfate as a sulfur source re- 
quires considerable reducing power, as suggested by 


SO} + 8H ——— S- PAM 
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NAD and related pyridine nucleotide compounds carrying hydrogen also 
participate in ATP formation in aerobic metabolism. As we shall investigate in 
greater detail in Sec. 5.3, the hydrogen atoms in NADH are combined with 
oxygen in a cascade of reactions known as the respiratory chain. The energy 
released in this oxidation is sufficient to form three molecules of ATP from ADP. 

It is an intriguing fact that all biological systems known, whether anaerobic, 
aerobic, or photosynthetic, utilize ATP as a central means of accumulating oxi- 
dative or radiant energy in a form convenient for driving the endergonic pro- 
cesses of the cell. The remainder of the chapter will follow ATP utilization and 
electron transfer through progressively more complex pathways of anaerobic. 
aerobic, and photosynthetic systems. Considerations of oxidation-reduction bal- 
ances will allow us to derive stoichiometric constraints based on nutrient and 
cell composition, metabolic pathways, and end products. Since the free energy of 
fuel oxidation is eventually stored in ATP, the efficiency of ATP utilization in 
different cell processes gives a useful reflection of relative energy demands by the 
various cell functions. Further, study of ATP logically allows accounting for both 
the progress of carbon skeletons and the utilization of the free energy released 
during their formation. Finally, comparison of the energetics of these different 
biological systems gives insights into the origin of the relatively high thermody- 
namic efficiency of these chemical engines. 


5.3 CARBON CATABOLISM 


Breakdown of nutrients to obtain energy is called catabolism. Carbohydrates ate 
by far the most important class of carbonaceous nutrients for fermentations, 
although some microbial species can also utilize amino acids, hydrocarbons and 
other compounds. As an illustration of the diversity of the microbial world, we 
note that almost any carbohydrate or related compound is fermented by some 
microorganism. Most microorganisms which can employ carbohydrate in a fer- 
mentation are capable of fermenting the simple sugar glucose. In the following 
section we shall examine the major processes for glucose breakdown. There are 
at least seven different glucose fermentation pathways, and the particular ones 
used and the end products produced depend on the microorganism involved. 
Our main concerns here will be observation of examples of energetic and electron 
shuttling discussed above, overall stoichiometry of the pathway, and identifica- 
tion of intermediates important for biosynthetic pathways. 


5.3.1 Embden-Meyerhof-Parnas Pathway 


The Embden-Meyerhof-Parnas (EMP) pathway already seen in Fig. 5.1 involves 
ten enzyme-catalyzed steps which start with glucose and end with pyruvate (Fig. 
5.4). In this section we examine this best-known carbon catabolism pathway with 
emphasis on energetics and reducing power transfer. 
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Figure 5.4 The Embden-Meyerhof-Parnas (EMP) pathway. Notice that each six-carbon glucose sub- 
strate molecule yields two three-carbon intermediates, each of which passes through the reaction 
sequence on the right-hand side. 


Examination of the EMP pathway reaction sequence in Fig. 5.4 shows that 
each step is quite simple and involves isomerization, ring splitting, or transfer of 
a small group such as hydrogen or phosphate. Two moles of pyruvate are pro- 
duced per mole of glucose passing through the pathway. ATP hydrolysis is cou- 
pled with two reactions which would not occur spontaneously otherwise, and 
two reactions involve sufficiently negative free energies to drive ADP phosphory- 
lation. Because the latter two reactions occur twice for each mole of glucose 
processed, the overall effect is phosphorylation of ATP. As indicated in Fig. 5.4, 
dehydrogenation of glyceraldehyde 3-phosphate is coupled with reduction of 


Si ee a CO S 


pees 
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NAD*, and this reaction occurs twice per mole of glucose. Thus, the overall 
stoichiometry of the EMP pathway is 


C,H,,0, + 2P; + 2ADP + 2NAD?* ae 
2C;H,O; + 2ATP + 2(NADH + H*) (5.12 


Stored chemical energy and reducing power result from the overall pathway. 
Energy storage accomplished by this or other substrate rearrangement pathways 
is called substrate-level phosphorylation. 

Another central function of the EMP pathway is provision of carbon skele- 
tons for starting materials in cellular biosynthetic reactions. Not only is pyruvate 
available, but also intermediates in the pathway are used as biosynthesis sub- 
strates (see Fig. 5.1). Consequently, the EMP pathway is one of several which are 
called amphibolic because they serve as carbon skeleton as well as energy sources. 

In muscle cells and lactic acid bacteria, among others, the reactions of the 
EMP pathway are followed by the single step 


C,;H,O; + NADH + H+ C;H,O, + NAD* 


This overall reaction sequence from glucose to lactic acid is called glycolysis. It is 
interesting to compare the free energy change for glycolysis 


Glucose + 2P; + 2ADP ——> 2lactate + 2ATP + 2H,O 
AG” = — 32,400 cal/mol 
with the corresponding quantity for glucose breakdown alone 
Glucose ———— 2 lactic acid AG” = — 47,000 cal/mol (5.14) 


A free-energy total of 14.6 kcal, or 7.3 kcal for each mole of ATP generated, 
has been conserved by the pathway as high-energy phosphate compounds. The 
apparent efficiency of free-energy transfer is thus about 14/47 x 100 = 31 per- 
cent. Correction of standard-free-energy data for the concentrations and PH pre- 
vailing in vivo (see Table 5.3) suggests that this estimate is quite low and that the 
true efficiency is about 53 percent. The reason for this high efficiency is clear after 
correcting the AG” values in Table 5.3 for existing concentrations (see Prob. 5.4): 
the results indicate that AG” is near zero for all of the reaction steps except three 
(glucose to G6P, F6P to FDP, and PEP to Pyr)(abbreviations defined in Table 
5.3). Thus, most reactions in the Sequence are near equilibrium and hence readily 
reversible. The significance of the non-equilibrium steps emerges from examina- 
tion of enzymatic regulation of the EMP pathway (Sec. 5.7.2). 


(5.13) 


5.3.2 Other Carbohydrate Catabolic Pathways 


We begin with two additional reaction sequences for glucose catabolism. The 
pentose phosphate cycle or pathway (also called the hexose monophosphate path- 
way or shunt) begins by oxidizing glucose phosphate. 
Glucose 6-phosphate + NADP* ——> 
6-phosphogluconate + NADPH + H+ 
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Table 5.3 Concentrations of glycolytic intermediates in the human 
erythrocyte and corresponding standard free energy changes. Note 
(a) concentrations differ from the 1M value used in standard free 
energy calculations and (b) AG” values are for the glycolytic reaction 


which consumes the indicated intermediate.t 
a E E EEA 
Concentration, Standard free energy 


Intermediate uM change AG” (kcal/mol) 
a a a 
Glucose 5000 —4.0 

Glucose 6-phosphate(G6P) 83 +0.4 

Fructose 6-phosphate(F6P) 14 —3.40 

Fructose 1,6-diphosphate(FDP) 31 +5.73 
Dihydroxyacetone phosphate(DHP) 138 + 1.83 

Glyceraldehyde 3-phosphate(GAP) 18.5 —3.0 
3-Phosphoglycerate(3PG) 118 + 1.06 
2-Phosphoglycerate(2PG) 29.5 +0.44 
Phosphoenolpyruvate(PEP) 23 —7.5 

Pyruvate(Pyr) 51 —6.0 

Lactate(Lact) 2900 

ATP 1850 

ADP 138 

Phosphate 1000 


a ep ee et 
t Adapted from A. L. Lehninger, Biochemistry. 2d ed. table 16.1, Worth 
Publishers, Inc., New York, 1975. 


A major function of the pentose phosphate pathway is supplying the cell with 
NADPH which in turn carries electrons to biosynthetic reactions. The total 
reaction scheme is quite complicated (see p. 456 of Ref. 1), but its overall 
result is indicated by the following summary of pentose phosphate pathway 
stoichiometry: 


Glucose + 12NADP* + 7H,O + ATP ——-> 


6CO, + P; + 12(NADPH + H+) + ADP (5.15) 


The net effect is complete oxidation of one mole of glucose 6-phosphate liberat- 
ing CO, and transferring all of the electrons (H) to NADP. 

This overall reaction consumes ATP. In order to provide ATP to the cell, an 
incomplete pentose phosphate cycle may occur with overall stoichiometry 


3 glucose + 6NADP* + ATP —> 
2 fructose 6-phosphate + glyceraldehyde 3-phosphate 
+ 3CO, + 6(NADPH + H+) + ADP + P, (5.16) 
If next fructose 6-phosphate and glyceralde 3-phosphate follow the balance of the 
EMP reaction sequence to pyruvate, ADP phosphorylation occurs six times. The 


net energy yield is therefore 5/3 ATPs for each mole of glucose, still less than the 
energy yield of the EMP pathway. 
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However, the pentose phosphate pathway is advantageous in the sense of 
including ribose 5-phosphate and erythrose 4-phosphate, important precursors 
for purine and pyrimidine biosynthesis. among its intermediates. These compo- 
nents are absent from the EMP pathway. As a consequence, microorganisms 
such as lactobacilli which possess only the EMP pathway require a complex 
medium including pentoses, purines and pyrimidines when grown in anaerobic 
environments. E. coli, on the other hand. is able to grow anaerobically in simpler 
media by using the EMP and pentose phosphate pathways simultaneously (for 
example, in the ratio of 75% EMP: 25°, pentose phosphate under certain culture 
conditions). This illustrates the important general concept that cells may possess 
multiple catabolic pathways for a given nutrient and may employ more than one 
pathway simultaneously, presumably to optimize growth considering both energy 
and precursor requirements. 

The final glucose catabolic pathway which we will examine is the Entner- 
Doudoroff (ED) pathway. The overall stoichiometry of this reaction sequence is 


Glucose + ATP + NADP* ———> 
glyceralde 3-phosphate + pyruvic acid + ADP + NADPH + H+ (5.17) 
Noting that two moles of ADP can be phosphorylated by reacting one mole of 


r 


glyceraldehyde 3-phosphate to pyruvate through the same reactions as used for 
this conversion in the EMP pathway, the energy yield of the ED pathway is 
relatively poor: one mole ATP per mole of glucose processed. Before turning to 
catabolic pathways for other nutrients, we should note that the above discussion 
of catabolism, while covering the major pathways, is far from a complete treat- 
ment of all possibilities for bacteria. 

We mentioned earlier that microorganisms can utilize many different com- 
pounds as carbon source. While details must be left to the references [3], a few 
examples will serve to illustrate some of the central catabolic strategies. 

Utilization of sugars other than glucose often involves conversion in a few 
reactions either into glucose or into one of the intermediates in a glucose cata- 
bolic pathway. This approach is illustrated in Fig. 5.5 which shows the sequence 
of processing reactions used by E. coli to begin assimilation of the disaccharide 
lactose. The galactose utilization pathway is a subset of this reaction scheme. 
Notice the cyclic, and hence catalytic, role of uridine diphosphate (UDP). As a 
second example, we note that in several bacteria fructose is converted by two 
enzyme-catalyzed reactions into fructose 1,6-diphosphate which may then enter 
the EMP reaction sequence. Bacterial utilization of pentoses typically involves a 
series of reactions giving the intermediate xylulose 5-phosphate which then can 
enter the pentose phosphate pathway or be broken down in the phosphoketolase 
pathway (Fig. 5.6). 

Microbial utilization and conversion of hydrocarbons and other organic 
compounds is a fascinating and diverse topic. Here we simply note that enzyme 
systems exist in the microbial world for oxygenating hydrocarbons with or with- 
out changes in the carbon skeleton and for converting hydrocarbon substrates 
into amino acids, lipids, vitamins and other microbial components and products. 


a 
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Figure 5.5 Pathway of lactose catabolism in E. coli (UDPG = uridine diphosphate glucose; UDP 
Gal = uridine diphosphate galactose). 
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Figure 5.6 Simplified diagram of ribose catabolism via the phosphoketolasė pathway. 
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Furthermore, certain microbes can degrade toxic compounds such as phenols 
and polychlorinated biphenyls. Obviously, such organisms and the enzymes they 
synthesize have exciting process potential for specific chemical catalysis and for 
environmental protection. An introduction to the enzymes and pathways encoun- 
tered in hydrocarbon metabolism is provided in Doelle’s excellent book [3]. 


5.4 RESPIRATION 


Respiration is an energy-producing process in which organic or reduced in- 
organic compounds are oxidized by inorganic compounds. As Table 5.4 indi- 
cates, various bacteria conduct respiration using several different reductants and 
oxidants. When an oxidant other than oxygen is involved, the process is called 
anaerobic respiration, the term aerobic respiration being reserved for the situation 
typical of eucaryotes and many bacteria where O, is the oxidant. Recall that 
lithotrophs are organisms employing inorganic reductants. Several lithotrophs 
are evident in Table 5.4. So far as is known today, all lithotrophs are also 
autotrophs; they obtain carbon from CO,. 

In the most common forms of respiration, an organic compound is oxidized 
using oxygen. We consider only this case in the remainder of this section, and the 
term respiration will be used to describe this process. It is convenient to decom- 
pose the overall process of respiration into two phases. In the first, organic 
compounds are oxidized to CO,, and pairs of hydrogen atoms (electrons) are 
transferred to NAD. Next, the hydrogen atoms are passed through a sequence of 
reactions, during which ATP is regenerated from ADP. At the end of their jour- 
ney, the hydrogen atoms are combined with oxygen to give water. These two 
phases of biological oxidation will now be examined in greater detail. 


Table 5.4 Reductants and oxidants in bacterial respirations’ 
ee ee eS 


Reductant Oxidant Products Organism 

o a E a L ooa o 
H, O, H,O Hydrogen bacteria 

H, SOzZ7 H,O + S?~ Desulfovibrio - 

Organic compounds O, CO, + H,O Many bacteria, all plants and animals 
NH, O, NO; + H,O Nitrifying bacteria 

NO; O, NO; + H,O Nitrifying bacteria 

Organic compounds NO; N, + CO, Denitrifying bacteria 

Fe?* Oo, Fe?* Ferrobacillus (iron bacteria) 

S2- O, SO- + H,O Thiobacillus (sulfur bacteria) 


t From W.-R. Sistrom, Microbial Life, 2d ed., table 4-2, p. 53, Holt, Rinehart, and 
Winston, Inc., New York, 1969. 
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5.4.1 The TCA Cycle 


For the moment let us continue the story of carbohydrate metabolism started in 
Sec. 5.3. All the pathways to pyruvate described there can also operate during 
respiration. The reactions peculiar to respiration start with pyruvate. In respira- 
tion metabolism, pyruvate is not reduced to some end product using the hydro- 
gen atoms obtained during glucose breakdown. Instead, this reducing power is 
saved for other uses, to be discussed shortly. Moreover, additional reducing 
power is generated from pyruvate by converting it to an acetic acid derivative 
(acetyl CoA) 


pyruvic dehydrogenase complex 
_—__ am 


CH,COCOOH + NAD* + CoA—SH 
CH;CO—S—CoA + CO, + NADH + H* (5.18) 


Acetyl CoAt is also a key intermediate in the catabolism of amino acids and fatty 
acids. Consequently, three classes of biomolecules can be oxidized through acetyl 
CoA. 

The first phase of this oxidation is carried out in a cyclic reaction sequence 
called the tricarboxylic acid or TCA cycle (also, Krebs cycle and citric acid cycle; 
Fig. 5.7). Notice that the two remaining carbon atoms from pyruvate (one was 
lost as CO, in the reaction to acetyl CoA) enter the cycle to create a six-carbon 
acid from one with four carbons. In one pass around the TCA cycle, however, 
two-carbon atoms are expelled as CO,. Thus, this first phase of respiration con- 
sumes all the carbon atoms from the original pyruvate substrate. 

The overall stoichiometry of the TCA cycle plus reaction (5.12) is 


C;H,O3 + ADP + P; + 2H,0 + FAD + 4NAD* ——> 
3CO, + ATP + FADH, + 4(NADH + H+) (5.19) 


The TCA cycle as shown in Fig. 5.7 appears to serve a strictly catalytic 
function: no input of carbon other than the substrate is indicated. As F ig. 5.1 
shows, however, the TCA cycle serves a very important function as a pool of 
precursors for biosynthetic reactions. Consequently, some intermediates in the 
cycle are constantly being tapped off and must be replaced. This is accomplished 
by synthesis of oxaloacetic acid from pyruvate or another three-carbon acid. 
Alternatively, in some microorganisms TCA cycle intermediates are replenished 
by the glyoxylate cycle which has the net effect of producing one molecule of 
succinate by condensation of two acetate molecules. 


5.4.2 The Respiratory Chain 


Leaving carbon metabolism, let us next follow the reactions in which hydrogen 
atoms are oxidized to water, the process from which aerobic cells derive most of 


* For coenzyme A see Fig. 2.9. 
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Figure 5.7 The tricarboxylic acid cycle. 
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their energy. In each pass around the TCA cycle, four pairs of hydrogen atoms 
are liberated. Three pairs are transferred to NAD and, as outlined in Fig. 5.7 the 
hydrogen atoms resulting from succinic acid dehydrogenation are transferred to 
flavin adenine dinucleotide (FAD) (see Fig. 2.9). Some of the reducing power 
derived from the TCA cycle may be needed in biosynthesis reactions; the rest is 
used to generate ATP. 

In the following discussion of ATP generation during respiration, we shall 
concentrate on the case in which all the hydrogen atoms obtained during glucose 
breakdown are available for reaction in the respiratory chain. This is the situation 
which provides the most stored energy for the cell in the form of ATP. Figure 5.8 
shows an abbreviated diagram of this reaction sequence and how it ties with the 
ultimate breakdown of pyruvate via acetyl CoA and the TCA (Krebs) cycle. In 
this diagram, FP, and FP, denote two different flavoproteins, which are enzymes 
containing FAD for transport of electrons. Electrons from NADH 
(=FP,) are passed to coenzyme Q (designated as Q in the figure), and in this 
process one molecule of ADP is regenerated to ATP for each pair of electrons 
passed. The electrons obtained from succinate dehydrogenation in the TCA cycle 
are carried by FAD in FP, directly to coenzyme Q. . 

From there, all electrons enjoy the common fate of passing through a se- 
quence of cytochromes, proteins containing heme groups which are designated b, 
c, a and a, in Fig. 5.8. Along the way, ATP is generated twice for each electron 
pair. The process of ATP regeneration in the respiratory chain is called oxidative 
phosphorylation. Ultimately, the hydrogen atoms are combined with dissolved 
oxygen to yield water as the second final product of the oxidation. If we examine 
the free-energy changes along the respiratory chain, we find that ATP is re- 
generated at each point where there is a sufficiently large decrease in electron free 
energy to more than offset the 7.3 kcal/mol needed to phosphorylate ADP. 

The net reactions, then, which describe the respiratory chain are 


NADH + H* +30, + 3ADP + 3P; —— NAD* + 4H,O + 3ATP 
(5.20) 


and 
FADH, + 40, + 2ADP + 2P; —— FAD + 3H,O + 2ATP (5.21) 


Respiration potentially makes available much more energy for use by the cell 
than glycolysis since AG” is —686 kcal/mol for the reaction 


Glucose + 60, ——> 6CO, + 6H,O (5.22) 


Let us examine how efficiently respiring living systems tap this large source of 
energy. For comparison with the above reaction, we presume here that glucose is 
completely oxidized to CO, and water via the EMP, TCA, and respiratory chain 
pathways. We should remember, however, that the EMP pathway and TCA cycle 
are both amphibolic pathways and that some intermediates are constantly being 
drawn off in biosynthetic side streams so that glucose substrate is not always 
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with ten times Eq. (5.20) [oxidation of all NADH + H+ generated in the EMP 
(two) and TCA reactions (four)] and twice Eq. (5.21) ([FADH, Oxidation] gives 


CoHi20, + 38ADP + 38P, —__, 6CO, + 38ATP + 44H,0 (5.23) 


Since ATP hydrolysis has a standard free-energy change of —7.3 kcal/mol, the 
free-energy change of reaction (5.23) is approximately . 


AG” = (38 mol ATP/mol glucoseX7.3 kcal/mol ATP) = —277 kcal/mol glucose 
(5.24) 


This is 19 times the energy which the cell captured during glycolysis. As in 
glycolysis, energy retention is very efficient: 


& 
8 
X 
T 
N 
2 


f 277 
Energy capture efficiency = 686 


Similarly, by carrying out glucose oxidation in Many steps, where each has a 
relatively small free-energy change, the living cell is able to approach reversibility 
and to maximize efficiency for extraction of energy. 


depends. 
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5.5 PHOTOSYNTHESIS: 
TAPPING THE ULTIMATE SOURCE 


In most respirations, hydrogen atoms are transferred continuously from the fuel 
to oxygen, with simultaneous release of energy. Photosynthesis is largely the 
reverse of respiration: energy in the form of light is captured and used for conver- 
sion of carbon dioxide to glucose and its polymers. Photosynthesis is the prime 
supplier of energy for the biosphere. It extracts energy from the only signif- 
icant source external to our planet, the sun. Also, photosynthesis plays a vital 
role in closing the carbon and oxygen cycles by reducing the carbon oxidized by 
respiration: | 


Photosynthesis: 6CO, + 6H,O + light ———> C,H,,0,+60, (5.26) 


5.5.1 Light-Harvesting 


In procaryctes (cyanobacteria, also known as blue-green algae; green sulfur bac- 
teria; purple sulfur bacteria), photosynthesis occurs in stacked membranes while 
the organelle called the chloroplast conducts photosynthesis for eucaryotes (algae, 
plants) (Fig. 1.5). Both systems contain chlorophylls, complex molecules which 
strongly absorb visible light (Fig. 5.9). The energy content E, of 1 mole of pho- 
tons depends on the frequency (or wavelength), according to 


E,=hv=h- (5.27) 


Action 
spectrum 


Relative light absorption 
Relative photochemical efficiency 


400 500 600 700 
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Figure 5.9 Maxima in the chlorophyll a light absorption spectrum (lower curve) are reflected in the 
absorption spectrum for a green leaf (upper curve) and the photosynthetic activity (action) spectrum 
of the leaf (middle curve). Accessory pigments in the leaf improve light utilization in the 500-600 nm 
range relative to chlorophyll alone. (Reprinted by permission from A. Lehninger, “Principles of Bio- 
chemistry,” p. 655, Worth Publishers, Inc., New York, 1982). 
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where h = Planck’s constant 
v = frequency of photon 
A = wavelength of photon 
c = speed of light in the medium 


+ The two major absorption peaks of Fig. 5.9 correspond to 43.5 kcal/mol 
(650 nm) and about 67 kcal/mol (430 nm) of photons, respectively. Both these 
absorption bands evidently correspond to free-energy promotions in excess of 
that needed to drive a single phosphorylation of ADP. 

Two different light-harvesting and reaction systems, called Photosystem I and 
Photosystem II, are known. The second is activated by light with wavelengths 
below 680 nm, while longer wavelengths activate Photosystem I. Both systems 
are found in all photosynthetic organisms which release oxygen. The photo- 
synthetic bacteria which do not release oxygen contain only Photosystem I. . 


5.5.2 Electron Transport and Photophosphorylation 


In Photosystems I and II, absorption of two light quanta by chlorophyll and 
other pigments results in excitation of an electron from a reaction center (for 
example, P700 for Photosystem I: see Fig. 5.10). The high-energy electron is 
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Figure 5.10 Illustration of photosynthetic systems for electron excitation (vertical arrows) using ab- 
sorbed light and for electron transport. ( Reprinted by permission from A. L. Lehninger, “Principles of 
Biochemistry,” P- 657, Worth Publishers, Inc., New York, 1982.) 
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passed to. the start of an electron-transport chain. The electron then “falls” to 
lower energy levels (indicated in Fig. 5.10 by increasing value of the standard 
half-cell potential E°). In the case of Photosystem I, the electron is ultimately 
used to reduce NADP+. Excited electrons from Photosystem II are passed to 
Photosystem I with ADP phosphorylation accomplished once for every excited 
electron pair transported. Thus, the overall stoichiometry for electron flow in 
photosynthetic eucaryotes is 


H,O + 4hv + NADP* + ADP + P; 
NADPH + H* +40, + (ATP + H,O) (5.28) 


mol 
iese 
; of 


and 
sths 
>ms 
sto The coupled actions of both systems are necessary to accept electrons from 
H,O (E” = +0.82 V) and donate them to NADP* (E” = —0.32 V) using the 
available light excitation energies. We can also see from Eq. (5.10) why bacteria 
which use H,S, for example, as an electron donor can operate with only Photo- 
system I, since the half-cell standard potential for sulfur reduction is E” = —0.23. 

Additional ATPs may be generated from absorbed light energy via cyclic 
photophosphorylation as shown by the dashed pathway in Fig. 5.10. Here, elec- 
trons excited from P700 to P430 flow to cyt bss, and back to P700, causing ADP 
phosphorylation in the process. The following simple stoichiometry therefore 


applies: 


and 
(for 


1 is 


3hv + ADP + P; —— ATP + H,O (5.29) 


Use of the energy and reducing power stored by the above mechanisms for 
synthesis of glucose from CO, and H,O will be described in the next section. 
Here we note that the free energy change for this photosynthesis reaction 


6CO, + 6H,O AEA C6H:1206 + 60, (5.30) 


is +686 kcal/mol. Since two light quanta are required to excite a single electron 
through both photosystems and since four electrons must be transferred to gener- 
ate one O, molecule, formation of 6O, implies absorption of 48 light quanta. 
As indicated in Eq. (5.27), the energy associated with 48 moles of photons 
depends upon their wavelength. Assuming v = 700 nm, the minimum light energy 
input required to drive reaction (5.30) using the plant photosynthetic system is 
48 mol electrons x (41 kcal/mol) = 1968 kcal. Thus, a rough estimate of effi- 
ciency based on light absorbed is 686/1968 = 35 percent. Later, in our discussion 
of overall metabolic stoichiometry, we will examine observed photosynthetic effi- 
ciency in plants and microorganisms. 


5.6 BIOSYNTHESIS 


In the opening pages of this text, we discussed three phenomena which character- 
ize most microbial processes: substrate or nutrient utilization, cell growth and 
product release. Biosynthesis influences all three. Nutrient requirements are dic- 
tated by the cell’s need for precursor molecules, stored chemical energy, and 


es of 


ampere 
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reducing power. Some biosynthesis products are released into the environment of 
the cell. Finally, the rate of cell growth is determined by the net rate of biosynthe- 
sis, the rate at which new cellular materials are formed. Cell growth rates vary 
widely. While the E. coli bacterium can double in 20 min, rat-liver cells reproduce 
over a two- to three-month cycle, and nerve cells do not multiply in adult human 
beings. Even in the last instance, however, some biosynthesis is necessary for 
maintenance and repair. 

The chemical resources acquired by the cell from catabolism are invested 
to accomplish biosynthesis. Generally, the reactions are thermodynamically 
unfavorable and require ATP hydrolysis to ADP or AMP. The pyrophosphate 
(P ~ P) produced in the latter case, upon hydrolysis, provides additional free 
energy (AG” = —7 kcal/mol) to “drive” the synthetic step. Because nutrient ele- 
ments are often more oxidized than are their cellular forms, reducing power is 
also required. 


5.6.1 Synthesis of Small Molecules 


In these reactions, the monomeric building blocks are constructed. Approximate- 
ly 70 different compounds are required for this purpose: 4 ribonucleotides, 4 
deoxyribonucleotides, 20 amino acids, about 15 monosaccharides and. about 20 
fatty acids and lipid precursors. Also, ATP, NAD, other carriers, and coenzymes 
must be manufactured in class II reactions. The products of these reactions are 
known collectively as the central intermediary metabolites. In this section we will 
survey some of the major biosynthetic routes to the intermediary metabolites and 
their organization. 

The amino acids are conveniently grouped into four families which are dis- 
tinguished by their chemical structure and by their shared precursors. Also, as we 
will see in the discussion below of metabolic regulation, these families are often 
synthesized in a branched, systematically controlled reaction sequence. Synthesis 
of all the amino acids begins with carbon metabolism intermediates (see the 
schematic illustration in Fig. 5.11). 

Living cells assimilate nitrogen by incorporating it into the amino acids 
glutamic acid and glutamine. First, glutamic acid is formed by reaction between 
ammonia and a-ketoglutaric acid, one of the TCA cycle intermediates: 


glutamate 
dehydrogenase 


HOOC(CH,),CHNH,COOH + NAD* + H,O (5.31) 


Additional ammonia can be accepted by adding it to glutamic acid to give 
glutamine: 


HOOC(CH,),CHNH,COOH + NH? + ATP 


HOOC(CH,),COCOOH + NH} + NADH 


glutamine 
synthase 


HOOCNH,CH(CH,),CONH, + ADP + P; + H+ AG” = —3.9 kcal/mol 
(5.32) 


ol 


2) 


METABOLIC STOICHIOMETRY AND ENERGETICS 255 


AROMATIC AND 
HISTIDINE FAMILY 


Histidine 


Glucose Phenylalanine 
Tyrosine 
Tryptophan 
EMP PATHWAY 
Phosphoglyceric 
acid 


Alanine 


| 


Pyruvic acid 


Valine 


Leucine 
PYRUVIC FAMILY 
Acetic acid 
Oxaloacetic acid Citric acid 
N CITRIC ACID CYCLE / 
a-Ketoglutaric acid 


Asparagine 


Glutamine 
Lysine 
Methionine 


Lysine 


Aspartic acid —> Glutamic acid > 


Proline 
Threonine -> Isoleucine 


Arginine 


ASPARTIC FAMILY GLUTAMIC FAMILY 


Figure 5.11 The amino fatty acid families and their carbohydrate precursors. (Reprinted by permis- 
sion from G. S. Stent and R. Calendar, “ Molecular Genetics: An Introductory Narrative,” 2d ed., p. 76, 
W. H. Freeman and Co., San Francisco, 1978.) 


The second reaction, requiring investment of metabolic energy, is used in am- 
monia deficient environments. In some bacteria, direct amination of pyruvate to 
alanine occurs with consumption of NADH. Also, certain bacteria can directly 
aminate fumarate to aspartate. Some microorganisms take in nitrogen in the 
form of nitrate NO; and free nitrogen N,, but it is now known that these 
nutrients are first transformed into ammonia before being assimilated by the 
above reaction(s). 

All of the remaining amino acids are forméd by conversion of glutamate or 
by transfer of its amino group to other carbon skeletons. For example, glutamate 
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is converted to proline in a sequence of two enzyme-catalyzed: reactions plus a 
spontaneous hydrolysis step with overall stoichiometry 


C;NH,O; + ATP + 2(NADPH + H+) ——> SES 
CsNH,O; + ADP + P, + 2NADP* + H,O (5.33) 


In most organisms, transaminations from glutamate give alanine and aspartate: 
Glutamate + oxaloacetate ——> a-ketoglutarate + aspartate 
Glutamate + pyruvate ————> a-ketoglutarate + alanine 


The coenzyme pyridoxal phosphate, derived from vitamin B6 (pyridoxal), is re- 
quired for all transaminations. 

As a final example of amino acid biosynthesis and of the frequent involve- 
ment of ATP and NADPH, some individual steps and the overall structure of the 
aspartic acid family synthesis pathway are illustrated in Fig. 5.12. Dashed lines in 
this figure denote regulatory interactions which will be discussed later. 

Descriptions of nucleotide biosynthesis reactions in any detail is beyond the 
scope of this text. Origins of the components of these molecules are indicated in 
the diagram in Fig. 5.13. Further information may be found in the references. 

Concerning fatty acid and other lipid precursor biosynthesis, we note that 
acetyl CoA and glycerol serve as the starting materials. To illustrate again the 
requirement for ATP and NADPH, we shall examine the pathway for synthesis 
of palmitate [CH3(CH,),,COOH], the most common of the fatty acids. First, 
acetyl CoA is carboxylated to yield malonyl CoA. 


acetylICoA 
> 


Acetyl CoA + ATP + CO, malonyl CoA + ADP + P, (5.34) 


carboxylase (HOOCCH, COSCoA) 


Subsequently, seven molecules of malonyl CoA and one of acetyl CoA react to 
give palmitate. The reaction pathway is a repeated cycle which gives the overall 
result 


Acetyl CoA + 7 malonyl CoA + 14(NADPH + H*) —— 
palmitate + 7CO, + 8HSCoA + 14NADP?* + 6H,O (5.35) 


Note that, according to reaction (5.34), one high energy phosphate bond is in- 
vested for each malonyl CoA used. | 
To conclude this brief overview of biosynthesis, we consider routes for syn- 
thesis of glucose and related compounds. We have seen above the central role 
played by glucose catabolism products as precursors for amino acid, nucleotide, 
and fatty acid synthesis. Hence, organisms which grow on other carbon sources 
such as CO, must convert these substrates into glucose or one of its nearby 
metabolic products. Also, under conditions of excess carbon supply relative to 
other nutrients, many cells convert glucose to carbohydrate storage materials for 
later use. l 
v Gluconeogenesis is the synthesis of glucose in chemotrophs. Interestingly, in 
the synthesis of glucose from pyruvate, all the intermediates found in the EMP 
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Figure 5.12 Some of the reactions which con- 
vert aspartate to lysine, homoserine, methio- 
nine, threonine, and isoleucine. (Reprinted by 
permission from W. B. Wood, J. H. Wilson, R. 
M. Benbow, and L. E. Hood, “ Biochemistry, A 
Problems Approach,” 2d ed., p. 294, Benjamin] 
Gummings Publishing Co., Inc., Menlo Park, 
Ca., 1981.) 
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Figure 5.13 Flowchart of precursors into nucleotides and deoxyribonucleotides. ( Reprinted by per- 
mission from J. Mandelstam and K. McQuillan (eds.), “Biochemstry of Bacterial Growth,” 2d ed., p. 33, 
Blackwell Scientific Publications, Oxford, 1973.) 


catabolic pathway participate. More important, all enzymes catalyzing reactions 
near equilibrium in the EMP pathway also catalyze reactions near equilibrium in 
glucose biosynthesis. In biosynthesis, however, different enzymes catalyze the 
Phosphorylation and dephosphorylation reactions which are somewhat different 
from their reverse counterparts in glycolysis. These biosynthetic reactions (going 
upward in Fig. 5.14) proceed Spontaneously with a decrease of free energy. The 
overall stoichiometry of gluconeogenesis shows that the reaction is energetically 
expensive and that the reaction (below) is not the reverse of the EMP pathway 
(GTP is guanosine triphosphate). 


2 pyruvate + 4ATP + 2GTP + 2NADH + 2H* + 4H,O0 —— > 
glucose + 2NAD* + 2GDP + 4ADP + 6P; (5.36) 


The most important biosynthetic reaction is the synthesis of glucose from 
CO, in plants. The living world as we know it would not exist without this 
process. Furthermore, the extent and efficiency of these reactions determine the 
Magnitude of the renewable carbonaceous resources available as fuels and bio- 
Process and chemical feedstocks. Sas 

Previously, the light reactions of photosynthesis —the absorption of light en- 
ergy by chlorophyll and other pigments and the flow of excited electrons to 
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Figure 5.14 Glucose degradation via glucolysis (descending reactions) and glucose biosynthesis (as- 
cending reactions) share many common reactions, namely those near equilibrium in both pathways. 
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generate ATP and NADPH—were described. Here, we consider the photosyn- 

thetic dark reactions—so called because these reactions will continue in the ab- 

sence of light so long as a sufficient supply of ATP and NADPH is available. 
The CO, is initially incorported by reaction with ribulose 1,5-diphosphate: 


Ribulose 1,5-diphosphate + CO, —T2ulose diphosphate , 
carboxylase 


2 (glyceraldehyde 3-phosphate) (5.37) 


The glyceraldehyde 3-phosphate formed in this step can undergo several reac- 
tions, including a sequence which closely resembles gluconeogenesis and which 
produces glucose. The other reactions of the Calvin cycle (Fig. 5.15) regenerate 
ribulose 1,5-diphosphate, allowing further carbon assimilation via reaction (5.37). 
Unlike the TCA cycle which is a net source of ATP and NADH, the Calvin cycle 
requires ATP and NADPH investment. Since one pass around the Calvin cycle 


serves to incorporate one CO,, six passes are required for glucose synthesis, 
giving an overall stoichiometry 


6CO, + 12NADPH + 12H* + 18ATP + 12H,O ——> 
Ce6H,.0, + 12NADP* + 18ADP + 18P; (5.38) 


2 
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5.6.2 Macromolecule Synthesis 


According to the metabolic roadmap given in this chapter’s introduction, the 
monomeric precursors must next be assembled into the cell’s polymeric compo- 
nents. Metabolic energy is again required in large quantities. The free energy so 
used serves to drive otherwise impossible coudensation reactions. Also, extraor- 
dinarily large energy inputs enhance the driving force for desired reactions by 
shifting overall equilibrium far to the product side. This feature is especially 
important where accuracy is needed, as in the synthesis of particular nucleotide 
and amino acid sequences in nucleic acids and proteins. 

Figure 5.16 shows how energy stored in the phosphate bonds of ATP is 
mobilized in the form of other nucleoside triphosphates for constructing the four 
classes of biopolymers. Typical of macromolecular biosynthesis is the hydrolysis 
of two high-energy phosphate bonds in conjunction with a driven reaction. The 
nucleoside triphosphate is converted to the nucleoside monophosphate plus 
pyrophosphate which also undergoes hydrolysis. Thus, approximately double the 
free-energy driving force (~ 14 kcal/mol) of a split to the nucleoside diphosphate 
is available. Some version of this mechanism operates in the synthesis of lipids, 
RNA, DNA, and glycogen. The common-intermediate principle is again involved, 
although in a more complicated form. For example, the addition of one glucose 
unit to glycogen proceeds in six steps linked by overlapping intermediates (Table 
5.5). 


~P UTP Polysaccharides 
~P GTP Porphyrins 
Cellulose 
_ Proteins 
Pa ~P CIP Lipids 
me RNA 
~ 
~ 


DNA 


Figure 5.16 The high energy triphosphate forms of the nucleosides participate in various biosynthetic 
routes. (Reprinted by permission from A. Lehninger, “Bioenérgetics,” 2d ed., p. 136, W. A. Benjamin, 
Inc., Palo Alto, 1975.) 
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Table 5.5 Reaction sequence for glycogen biosynthesis in mammalian 
cells 


(ATP- glucose is used in bacteria and plants) 


: 
hexokinase 


1. Glucose + ATP ~—————» glucose 6-phosphate + ADP 


hosphoglucomut 
2. Glucose 6-phosphate ai aul aL glucose 1-phosphate 


UDP-glucose 


3. Glucose 1-phosphate + UTP pyrophosphorylase 


UDP.: glucose + pyrophosphate 


glycogen 


4. UDP-glucose + glycogen, synthetase 


glycogen,,, + UDP 


5. ATP + UDP "komt _, app + UTP 
diphosphokinase 


hosphatase 
6. Pyrophosphate + H,O -Ppop 2 phosphate 


Sum: glucose + 2ATP + glycogen, + HO ————> 2ADP, + 2P. + glycogen, + 


eee 
t A. L. Lehninger, Bioenergetics, 2d ed., p. 140, W. A. Benjamin, Inc., Palo Alto, Ca., 


1971. 


Naturally, synthesis of informational polymers (RNA, DNA, and proteins) is 
a considerably more complex process. In both cases, however, the monomer is 
activated to permit its addition to the polymer chain. For RNA and DNA syn- 
thesis, the nucleotides enter the scheme as nucleoside triphosphates. These are 
incorporated in their respective polymers with a single phosphate, freeing pyro- 
phosphate. Thus, about -14 kcal/mol is invested to push the monomer addition 
reaction to completion. Activation of amino acids for protein construction can be 
represented by 


Amino acid + ATP ———> amino acyl-AMP + P ~ P (5.39) 


active amino acid 


GTP is hydrolyzed also when the amino acid adenylate is added to the peptide 


chain, giving a total of three high-energy phosphate bonds per monomer addi- 


tion. In Chap. 6, we will examine the mechanisms by which particular monomer 
sequences in DNAs, RNAs and proteins are constructed. 


5.7 TRANSPORT ACROSS CELL MEMBRANES 


Controlled transport of ions and molecules between the cell and its environment 
is essential to normal cell function. Cell membranes provide selective perme- 
ability to various medium and cellular constituents, regulating transport pro- 
cesses which serve several important purposes. First, these transport processes 
maintain intracellular composition and pH in a narrow range consistent with 
necessary enzyme activities. Membrane transport regulates cell volume, admits 
and concentrates nutrients, and secretes toxic compounds. 


«Lal lace in o J alate ao NES KaT Skan 2 ipa ara 


METABOLIC STOICHIOMETRY AND ENERGETICS 263 


At least three different means of transport across cell membranes are known: 
passive diffusion, facilitated diffusion, and active transport. Regardless of the 
mechanism. the transport characteristics of a given membrane with a given sub- 
strate are often expressed in terms of the membrane permeability K, which is 
computed from 


V Ce — Cio 
n 


K = (5.40) 
where V = cell volume 
A = cell external surface area 
Ce = external concentration 
interior substrate concentration initially 
interior substrate concentration after elapsed time t 


| 


Cio 


C(t) 


As Eq. (5.40) indicates, the units of permeability are those of a velocity (centi- 
meters per second). The assumptions underlying this equation are rather extreme, 
however, as we shall explore in the problems. 


5.7.1 Passive and Facilitated Diffusion 


In passive diffusion, material moves across the membrane from regions of high 
concentration to low concentration (Fig. 5.17). The diffusion rate is proportional 
to the overall driving force, the concentration difference across the membrane. 
Thermodynamic considerations show that passive diffusion is spontaneous: the 
free-energy change AG° accompanying the transport of material from a region of 
concentration c, to another locale where the concentration is c, is given by 


AG? = RT In (5.41) 
C2 


Since c, is smaller than c, in passive diffusion, AG? is negative. If the component 
being transferred is charged, Eq. (5.41) should be modified to read 


AG’ = RT In + Z, FA (5.42) 
C2 


where Z, = number of charges on transported molecules 
F = Faraday = 23.062 kcal V~! mol`! 
Aw = potential difference across membrane, V 


Because of the structure of the plasma membrane which surrounds all cells 
and the organelles of eucaryotes, not all chemical species penetrate the membrane 
with equal ease. The diffusion rate of most large molecules is strongly correlated 
with the molecule’s solubility in lipids (Fig. 5.18): This should not surprise us 
since the central core of the plasma membrane is believed to be mostly lipid 
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Figure 5.17 Various modes of membrane transport. (a) Diffusion, (b) facilitated transport, and 
(c) active transport. 


bilayer (recall Fig. 2.2). A variation in the unit-membrane model has been devel- - 
oped to account for the abnormally rapid diffusion of water and other small 
molecules through the membrane: very small pores through the membrane are 
envisioned. 

Charged molecules and other polar substances have a very small lipid solu- 
bility. Thus, these species have little tendency to pass through the membrane by 
ordinary diffusion. The importance of this property has already been emphasized: 
most metabolic intermediates are charged and consequently stay within the cell. 
Still, there are some polar components which move across the membrane barrier 
quite rapidly. 

Facilitated diffusion provides one mechanism for this anomaly. As illustrated 
schematically in Fig. 5.17, substrate on the outside combines with a carrier mole- 
cule, which “diffuses” to the other side, where the complex splits, discharging the 
carried molecule inside the cell. This mode of bioldgical transport has several 
distinguishing characteristics. Instead of increasing linearly with the exterior 
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Figure 5.18 Permeability of many substances through the membrane of the alga Chara correlates well 
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respective molecular sizes. (After Collander, 1947 J 


solute concentration, the transport rate for facilitated transport reaches a satura- 
tion, maximum level. Further increases in the overall mass-transfer driving force 
have no influence on the rate of transport. From our exposure to Michaelis- 
Menten and other models of enzyme kinetics, it should be obvious why 
the scheme shown in Fig. 5.17b has been postulated as a facilitated-diffusion 
mechanism. 

The other essential properties of facilitated diffusion are also reminiscent of 
enzyme kinetics: only specific compounds are transported, and specific inhibitors 
slow the process. Because of this specificity and kinetic behavior, carrier mole- 
cules are believed to be proteins. These carriers, many of which have been 
isolated and characterized, are called permeases. Perhaps the best known example 
of facilitated diffusion is glucose transport in the human erythrocyte (red blood 
cell). Details on this system and additional information on facilitated transport 
are available in the references. 


5.7.2 Active Transport 


As already shown in Fig. 5.17, active transport has two distinguishing character- 
istics: (1) it moves a component against its chemical (or electrochemical) gradi- 
ent, from regions of low to high concentration; (2) this process requires metabolic 
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energy, as Eq. (5.41) indicates. For example, if an uncharged compound is trans- 
ported from the cell’s environment, where its concentration is 0.001 M, to the 
interior of the cell, where this compound’s concentration is 0.1 M, then — 


AG? = [1.98 cal/(mol-K)](298 K)(in 100) = 2.72 kcal/mol 


Consequently, at least this amount of free energy must be expended to drive the 
process. Again, specific permease carriers are implicated. 

Important in nerve action, active transport enjoys wider application: almost 
all cells have active-transport systems to maintain a proper balance between K *, 
Na‘, and water within the cell. In particular, Na* is pumped out of the cell while 
K+ is pumped in. The pumping action allows the cell to offset the simultaneous 
passive diffusion of these ions, which occurs continuously. These ion-transport 
processes are coupled and driven by ATP (Fig. 5.19). The sodium-potassium 
pump in red blood cells is an oligomeric protein called Na*-K* ATPase. As 
indicated in Fig. 5.19, this protein is embedded within and traverses the plasma 
membrane. Proteins so situated are called transmembrane proteins. 

The second common class of active-transport systems pumps molecular nu- 
trients such as glucose and amino acids into the cell at far greater rates than can 
be achieved by passive diffusion. In the cells of higher animals, glucose active 
transport is dependent on cotransport of Na* into the cell. Na* is pumped back 
out with simultaneous ATP hydrolysis using the Na*-K* ATPase. Figure 5.20 
shows the overall process. A different process called group translocation is respon- 
sible for glucose active transport in bacteria. In this scheme, glucose is released 
into the cell’s interior in the energized and relatively nonpermeating form, glu- 
cose 6-phosphate (Fig. 5.21). The rate of this process is believed to be the limiting 
step which determines the growth rate of some cells. 

Many transport systems in bacteria are driven by proton flows across the 
plasma membrane. The central role of proton flows in bacterial energetics was 
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Figure 5.19 The Na*-K* pump (Na*-K* ATPase) transports sodium ions out of the cell and potas- 
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Na* is maintained by active transport. / Reprinted 
by permission from A. Lehninger. “ Bioenergetics,” 2d 
ed., p. 205. W. A. Benjamin, Inc.. Palo Alto, €A, 
1974.) 


Glucose 


described in the chemiosmotic theory proposed by Peter Mitchell in 1961. F igure 
5.22 shows schematically the coupling between proton and lactose transport in 
respiring E. coli. Protons and lactose are cotransported into the cell by lactose 
permease (the product of the y gene of the lac operon discussed earlier). Simul- 
taneously, protons are transported out of the cell in connection with electron 
flow through the respiratory chain. Overall, the cell interior is maintained at 
higher pH than the cell environment. 

Eucaryotic cells must possess a hierarchy of transport systems, since the 
concentration of some components within organelles is maintained at a level 
other than that in the cell’s cytoplasm. This feature serves as a reminder that the 
inside of a cell, especially a eucaryote, is not a uniform well-mixed pool. On the 
contrary, living cells are highly organized systems even down to the molecular 
level. 

Many mathematical theories of active transport have been developed, al- 
though we shall not pursue them now. Further details are available in the refer- 
ences and the problems. 

Before we turn to examination of flows and controls in metabolic reaction 
sequences, we should show a more complete and detailed illustration of the struc- 
ture and organization of a cell membrane. In the diagram of a bacterial cell 


Outside Cell Inside 


cell membrane cell 
Glucose 
Glucose 6-phosphate 
(G) Ey HPr Figure 5.21 Phosphorylation of glucose inside the cell 
membrane helps maintain a large driving force for glu- 
Er cose membrane transport and also serves to keep the 
; PEP : : Le 3 
F transported glucose moiety in the cell's interior. (Re- 
E,-G P—HPr printed by permission from A. L. Lehninger, “ Biochem- 
istry”, 2d ed., p. 799, Worth Publishers, New York, 1975.) 
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Lactose H* 


Lactose permease 


Respiratory 
chain 


H+ 
Figure 5.22 Active transport of lactose is coupled to flow of protons down a gradient generated by 
electron flow through the respiratory chain. 


membrane in Fig. 5.23, we see a considerably more elaborate structure than the 
simple lipid bilayer-protein coat membrane model described in Chap. 2. Here, the 
membrane is seen to contain numerous proteins embedded within the membrane, 
some exposed only to one membrane face and others traversing the membrane. 
These permease and receptor proteins recognize specific compounds in the cell 
environment and connect with cellular control systems for response to the en- 
vironment. In bacteria these membrane components permit rapid adjustment 
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Figure 5.23 The molecular architecture of the E. coli cell envelope is shown here in detail. White 
globular objects on and embedded within the cell membranes denote proteins. Abbreviations: OM, 
outer membrane; PG, peptidoglycan; PS, periplasmic space; CM, cytoplasmic membrane. (Reprinted 
by permission from M. Inouye, Bacterial Outer Membranes, John Wiley, New York, 1979.) 
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to changing environmental conditions. Cell-cell recognition important in both 
tissue Organization and response to disease is mediated by surface receptors in 
higher eucaryotic cells. 

Membranes are generally asymmetric, exhibiting different functions and 
components on the interior and exterior sides. Diffusion of lipids and many 
membrane proteins in the plane of the membrane is rapid; the lipid diffusivity in 
several membranes has been estimated as approximately 1078 cm?/s. 


5.8 METABOLIC ORGANIZATION AND REGULATION 


The cell, like any other chemical plant, must have controls on its complex array 
of chemical reactions so that supply and demand for materials, energy, and elec- 
trons are balanced and so that resources are used efficiently. Also, the reaction 
systems must be organized or structured in a fashion consistent with effective 
control. In this section we examine the ways in which modulation of the activities 
of key enzymes controls flows through the cell’s many branched and looped 
metabolic reaction pathways. Also, we consider key structural features of the 
metabolic network. We can gain an appreciation for the importance and ef- 
ficiency of these controls and structures by examining metabolic activities in an 
E. coli bacterium. In a rich medium, the cells divide every 20 minutes, and they 
conduct an amazing array of chemical functions with great precision, produc- 
tivity, and balance (see Table 5.6). 


Table 5.6 Biosynthetic activity during a 20-min cell-division cycle of E. colit 


a 


Chemical Percent of dry Approximate Number of molecules 

component weight mol wt per cell 

eee 

DNA 5 2,000,000,000 l 

RNA 10 1,000,000 15,000 

Protein 70 60,000 1,700,000 

Lipids 10 1,000 15,000,000 

Polysaccharides 5 200,000 39,000 

ee 
Number of molecules Percent of total 

Chemical Number of molecules of ATP required to biosynthetic energy 

component synthesized per second synthesize per second required 

se 

DNA 0.00083 60,000 2.5 

RNA 12.5 75,000 3.1 

Protein 1,400 2,120,000 88.0 

Lipids 12,500 87,500 - 3.7 

Polysaccharides 32.5 65,000. 2.7 


gt a aa 


TALL. Lehninger, Bioenergetics, 2d ed., p. 123, W. A. Benjamin, Inc., Palo Alto, Ca., 1965. 
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Considering protein synthesis alone in this case, we see that, on the average, 
1400 protein molecules per second are manufactured within the cell. Since pro- 
teins are large biopolymers with an average of over 300 covalent bonds, peptide 
bonds are formed at the rate of 420,000 bonds per second per cell. Further, since 
proteins are informational biopolymers, their monomeric units must be con- 
nected in a definite, predetermined sequence. 

The living cell is able to achieve such prodigious rates of protein synthesis at 
the expense of a very substantial portion of its metabolically derived energy. 
Bacteria devote almost all their energy to biosynthesis and, of this, roughly 88 
percent is channeled into protein synthesis. Table 5.9 shows that approximately 
25 million ATP molecules per second are invested in biosynthesis. Since the total 
ATP concent of E. coli is approximately five million molecules, the total cell 
inventory is sufficient for only two seconds of work. This gives some indication of 
the large rates of ATP regeneration which must be maintained in order to sustain 
the cell, and of the necessity of regulating ATP generation to match ATP require- 
ments. Similar comments apply to primary metabolite precursors, NADH and 
NADPH. 


5.8.1 Key Crossroads and Branch Points in Metabolism 


A careful look at metabolic pathways as a network of directed steps reveals key 
features of its organization. A straight sequence of metabolic reactions is encoun- 
tered in committed conversions along a particular pathway. The first and last 
steps of the straight pathway are either starting nutrients, final cellular or ex- 
creted products, or branch points from which several alternative reactions ema- 
nate. Typically, the first irreversible (significantly negative AG’ under intracellular 
conditions) reaction leading from a branch is an allosterically controlled step. 
Then, by regulating entry into the subsequent reaction sequence, the cell deter- 
mines the allocation of metabolites which have several alternative uses by the 
cell. Viewed in structural terms, these metabolites are the starting points or nodes 
of the metabolic branch. From this perspective, we see that the branch points and 
modulated irreversible reaction steps are critical elements in determining chemi- 
cal activities of a cell. This theme will recur several times in the remainder of the 
text, and these concepts will be very important in formulating simplified engi- 
neering descriptions of the cell as a chemical reactor. 

We shall first examine the importance of branching reaction structures in a 
global perspective: all metabolic activities in the cell depend on the flow of reac- 
tions through three primary crossroads: glucose-6-phosphate, pyruvate, and 
acetyl CoA. Figure 5.24 illustrates alternative routes for entering and leaving 
these crossroads. The relative magnitudes of these flows are regulated by the cell 
in response to metabolic requirements and the cell’s current composition. 

On a finer scale, let us review the diverging pathways in amino acid synthesis 
shown in Fig. 5.12. Here again, the existence of branches followed by straight 
sequences and subsequent branches is clear. Control locations in this part of the 
metabolic network will be discussed in the next section. 
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pyruvate is not possible in mammals. 


5.8.2 Enzyme Level Regulation of Metabolism 


Allosteric enzymes control flows through metabolic pathways. The concentra- 
tions of ATP, NADH, NADPH, and certain key precursors and intermediates 
are the regulating signals which govern the activities of these controlling en- 
zymes. The influences of some of these signals on flow division at branch points 
are indicated in general terms in Fig. 5.24. Here we consider representative 
examples of metabolic regulation at the molecular level. Also, we shall see here 
that different pathways are sometimes controlled in a coordinated fashion. 

Clearly, maintaining a suitable ATP level in the cell is a necessity. A useful 
indicator of the energetic state of a cell is the adenylate energy charge [4], 
defined as the ratio of ATP concentration to the sum of AMP, ADP, and ATP 
concentrations: 


[ATP] 
[AMP] + [ADP] + [ATP] 


(5.43) 


cholesterol TCA | cycle 

(low | ATP) 

CO, 

{ Figure 5.24 Summary of the key crossroads of carbon metabolism. The conversion of acetyl CoA into 
Energy charge = 


4 
l 


e_o 


] | The energy charge of most cells is in the range 0.87 to 0.94. 
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To see how the ATP level is maintained so precisely, we shall begin with the 
EMP pathway (Fig. 5.25). The primary regulatory enzyme is phosphofructoki- 
nase, which is activated by ADP and inhibited by ATP. Thus, this enzyme slows 
the flow through the EMP pathway if the energy charge is high and vice versa. 
Pyruvate kinase, activated by AMP, acts similarly. We recall that giucose phos- 
phorylation and the reactions of F6P and PEP were the three irreversible reac- 
tions of the EMP pathway. Now we can see why: the first step gives a charged 
derivative which is retained effectively by the cell envelope and the other two 
irreversible steps are control points. 

The energy charge also affects the activity of the TCA cycle. Isocitrate de- 
hydrogenase is activated by ADP and inhibited by ATP. Since one of the major 
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functions of the EMP and TCA pathways is ADP phosphorylation, which in- 
creases the cell's energy charge, we see that the regulatory patterns in Fig. 5.25 
are concerted and coordinated forms of feedback inhibition. 

Obviously. other controls are required to govern precursor supply and bio- 
synthetic activities. For example, citrate is an allosteric modulator of several 
enzymes. Citrate increases the inhibitory effect of ATP on phosphofructokinase. 
This reflects the amphibolic nature of the EMP and TCA reactions: if both 
energy charge and precursor supply is high, six-carbon molecules can be used 
elsewhere. Citrate is also a strong activator of the first reaction in fatty acid 
synthesis [Eq. (5.34)]. 

Biosynthetic pathways are generally regulated at the first step emanating 
from a branch point. Additional examples of this strategy are shown in the 
aspartate family conversion reactions in Fig. 5.12. Dotted lines there denote feed- 
back inhibition. The logic of the reaction network plus controllers is clear: in a 
small number of steps, several products are formed; the pathways to each amino 
acid are regulated separately. However, there seems to be a flaw: high levels of 
lysine or threonine appear to shut down synthesis of homoserine and methionine. 
This does not occur because there are three different enzymes catalyzing the 
aspartate to f-aspartyl-phosphate reaction. One of these enzymes is unregulated, 
one is inhibited by lysine, and the last is inhibited by threonine. Different en- 
zymes catalyzing the same reaction step are called isozymes. Similary, there are 
two isozymes, one unmodulated and the other inhibited by threonine, which 
convert aspartic semialdehyde to homoserine. With these elaborations, we can 
now see the successful and efficient control of this reaction network given any 
combination of surplus products. 

In biochemical processes, we may wish to produce large quantities of partic- 
ular metabolites. Then, the process goal of maximum production of these com- 
pounds is different from the survival goal of the native organism. To make the 
cell produce well (from our perspective, but very inefficiently from the cell’s view- 
point), we often try to modify these controlling enzymes of metabolism so that 
natural controls fail and metabolite overproduction occurs. We shall pursue this 
theme further in our study of applied genetics in the next chapter. Our remaining 
task here is to consider stoichiometric and energetic coupling between pathways 
and the implied overall stoichiometry of substrate utilization, cell growth, prod- 
uct formation and heat generation. As a prelude to this discussion, we should 
examine some of the end products of metabolism which are released into the cell 
environment. 


5.9 END PRODUCTS OF METABOLISM 


Cells release a variety of chemicals into their environment. In many cases, these 
products are the result of energy-yielding metabolism. Alcohols and organic acids 
are frequent examples of catabolic metabolisri énd products. Other metabolic 
products, such as antibiotics, toxins, alkaloids, and growth factors, are more 
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complex molecules which serve special functions for the cell. Such products, 
which are not required for growth in pure culture, are called secondary metab- 
olites. In this section we survey briefly some of the pathways which lead from 
metabolic intermediates to end products and the types of products which differ- 
ent cell types yield under different environmental conditions. 


5.9.1 Anaerobic Metabolism (Fermentation) Products 


We shall consider first different end products obtained by anaerobic utilization of 
glucose. Many organisms proceed from glucose via the EMP, HMP and/or ED 
pathways to pyruvate. The metabolic route from pyruvate to final products can 
vary significantly. The economically most important fermentation pathway from 
pyruvate forms ethanol (the alcohol fermentation) from pyruvate by the following 
reaction sequence: 


pyruvate 
Pyruvate menus acetaldehyde + CO, 
Icohol 
Acetaldehyde + NADH + H* ———————>-_ ethanol + NAD* (5.44) 
dehydrogenase 


In these reactions, and those of the other carbohydrate fermentations con- 
sidered below, NADH formed in the pathways to pyruvate is oxidized. Since 
anaerobic metabolism does not combine electrons with external electron accep- 
tors as occurs in respiration, a strict oxidation-reduction balance applies to sub- 
strate utilization and product formation in fermentation. Another illustration of 
utilization of NADH in fermentation product formation is the lactic acid or 
homolactic fermentation, which proceeds from pyruvate to lactate in a single step: 


lactate 


Pyruvate + NADH + H+ lactate + NAD* (5.45) 


dehydrogenase 

Other carbohydrate fermentations which begin with conversion to pyruvate 
via the EMP pathway are listed in Table 5.7. An overview of the corresponding 
reaction pathways is provided in Fig. 5.26. We should also emphasize that the 
products obtained depend on cultivation conditions as well as organism. For 
example, in conducting alcohol fermentation with the yeast Saccharomyces cere- 
visiae, changing the pH from 3.0 to 7.0 in a 5% glucose medium decreases 
ethanol production from 171.5 to 149.5 mmol ethanol/(100 mmol glucose con- 
sumed) and increases glycerol yield from 6.16 to 22.2 mmol glycerol/(100 mmol 
glucose consumed). Addition of sulphite to the medium can further increase 
AA production: this process was practiced on a large scale during World 

ar I. 

In closing this brief review of fermentative product formation, we should 
note that some organisms convert amino acids in the medium into organic end 
products. These metabolic processes have important implications in production 
of alcoholic beverages, since higher aliphatic alcohols formed by fermentation of 
nitrogeneous compounds contribute to end product flavor and aroma. 


xe 
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Table 5.7 Bacterial sugar fermentations which proceed through the Embden- 
Meyerhof-Parnas pathway‘ 


a re l a a 


Fermentation class Principal products from pyruvic acid Bacterial groups(s) where found 
a O A 
1. Homolactic Lactic acid Lactic acid bacteria of genera 


Streptococcus, Pediococcus, 
Lactobacillus (some species) 


2. Mixed acid Lactic acid, acetic acid, succinic acid, Many enteric bacteria, e.g., 
formic acid (or CO, and H,), Escherichia, Salmonella, 
ethanol Shigella, Proteus, Yersinia 

a. Butanediol As in 2 but also 2,3-butanedio! Aerobacter, Serratia, 
Aeromonas, Bacillus 
polymyxa 

3. Butyric acid Butyric acid, acetic acid, CO, and Many anaerobic sporeformers 
H, (Clostridium); some 


nonsporeforming anaerobes 
(Butyribacterium) 


a. Butanol-acetone As in 3 but also butanol, ethanol, Certain anaerobic sporeformers 
acetone, and isopropanol (Clostridium spp.) 
4. Propionic acid Propionic acid, acetic acid, succinic Propionibacterium, Veillonella 
acid, CO, 


i a o a‘ a a 
' R. Y. Stanier, M. Doudoroff, and E. A. Adelberg, The Microbial World, 3d ed., p. 183, 
Prentice-Hall, Inc., Englewood Cliffs, N.J., 1970. 


5.9.2 Partial Oxidation and Its End Products 


Normally, water and carbon dioxide are the metabolic end products of respira- 
tion for most aerobic microorganisms. Under abnormal conditions or with a few 
aerobic microbes, however, the oxidation of organic nutrient is not carried to 
completion, and end products then accumulate. Since some partial oxidations are 
of economic importance, we shall briefly review some of them here. 

Some partial oxidations are determined by the microorganism’s environ- 
ment. One of these, production of citric acid by the mold A. niger, was cited in 
Sec. 1.3.3. By keeping sugar concentration very high and the concentration of 
iron (a cofactor for an enzyme which uses citric acid as a substrate) low, the yield 
of citric acid can be increased greatly (Table 5.8). By growing other fungi and 
aerobic bacteria under abnormal conditions, other intermediates of the TCA 
cycle such as a-ketoglutaric acid and fumarit acid are produced. 

The acetic acid bacteria are well known for their tendency for incomplete 
oxidation. Both the Acetobacter and Gluconobacter genera oxidize ethanol to 
acetic acid, but, in the absence of ethanol, Acetobacter bacteria can oxidize acetic 
acid to CO,. The Gluconobacter, on the other hand, cannot metabolize acetic 
acid; some species are known to lack the enzymes necessary for conducting the 
TCA cycle. The acetic acid end product secreted by Acetobacter growing in 
ethanol is defined to be vinegar. In Table 5.9, other end products available from 
the acetic acid bacteria are summarized. 


o 
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Figure 5.26 End products (circled) of microbial fermentations from pyruvate. Letters indicate organ- 
isms which conduct these reactions as follows: A, Lactic acid bacteria (Streptococcus, Lactobacillus); 
B, Clostridium propionicum; C, Yeast, Acetobacter, Zymomonas, Sarcina ventriculi, Erwinia amylo- 
vora; D, Enterobacteriaceae (coli-aerogenes); E, Clostridia; F, Aerobacter; G, Yeast; H, Clostridia 
(butyric, butylic organisms); J, Propionic acid bacteria. (Reprinted by permission from J. Mandelstam 
and K. McQuillen (eds.), “Biochemistry of Bacterial Growth,” 2d ed., p. 166, Blackwell Scientific 
Publications, 1973.) 
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Table 5.8 Iron concentration vs. citric acid yield.‘ Aspergillus niger utilizing 
sucrose; submerged culture 


Iron’ (FeCl). mg/L Weight yield; %' Iron’ (FeCl,), mg/L | Weight yield; 2⁄1 
a a a 
0.0 7 67.0 1.00 76.0 
0.05 73.0 2.00 71.0 
0.50 88.0 5.00 57.0 
0.75 79.0 10.00 39.0 


a 


* H. J. Peppler (ed.), “ Microbial Technology,” table 8-1, Reinhold Publishing Corporation, New 
York, 1967. l 

*Medium composition: sucrose solution purified by ion exchange 3.6 MQ resistance at 40% 
concentration, diluted to 14.2% Sugar content, KH,PO,, 0.014%; MgsO,:7H,O, 0.1%; 
(NH,),CO3, 0.2%; HCI to pH 2.6. (From U.S. patent 2,970,084.) 

* Supplied as FeCl,. 

* (g citric acid produced)/(g hexose moiety supplied) x 100. 


5.9.3 Secondary Metabolite Synthesis 


Microorganisms and other cells synthesize secondary metabolites when the cells 
and their environment are at appropriate conditions. Generally, these products 
are not synthesized in substantial quantity during rapid growth. Secondary meta- 
bolites are known which vary tremendously in their chemical structure and bio- 
logical activity. For example, on the order of 600 different antibiotics have been 
identified. Both Bacillus subtilis and Streptomyces griseus produce more than 50 
different antibiotics! 

Many different secondary metabolites and their general routes of synthesis 
are summarized in Fig. 5.27. As shown, primary metabolites are the raw mate- 
rials for secondary metabolite synthesis. Also, primary metabolites and the cell’s 
energy charge are important modulators of the reaction pathways leading to 
secondary metabolite products. We shall consider this topic further in our ex- 
amination of catabolite repression in Chaps. 6 and 7. The medium phosphate level 
is another important parameter in regulating secondary metabolite synthesis. 


5.10 STOICHIOMETRY OF CELL GROWTH 
AND PRODUCT FORMATION 


Cell growth, although an exquisite and complex process, obeys the laws of con- 
servation of matter. Atoms of carbon, nitrogen, hydrogen, oxygen, and the other 
, elements of life discussed in Chap. 2 are rearranged in the metabolic processes of 
the cell, but the total amounts of each of these elements incorporated into cell 
material is equal to the amounts removed from the environment. Further, the 
amount of some metabolic product formed or the amount of heat released by cell 
growth is often proportional to the amount of ‘consumption of some substrate or 


the amount of formation of another product such as CO,. In this section we 
s 


O 


278 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


Table 5.9 Useful end products obtained by partial oxidations conducted by the acetic 
acid bacteria‘ 
a a E E EE 


Ethanol Acetic acid 
CH;CH,CH,OH + O, ———> CH,CH,COOH + H,O 
Propanol Propionic acid 
Isopropanol Acetone 
CH,OH CH.OH 
Chon +40, ——> C=0+H,0 
CH,OH CHOH 
Glycerol Dihydroxyacetone 
k qP» 
(CHOH), +40, ——— onon + H,O 
CH, 9 
CH, 
2 3 Butanediol Acetoin 
H H OH OH H OH OH 
a a e ae a +40, —— sci ae a ae i + H,O 
OH OHH H O OHH H 
Mannitol Fructose 
H H OHH i; H OHH 
OO Te a +40, ——— a a aSo + H,O 
OH OH H OH OH OHH OH 
Glucose Gluconic acid 
H H OHH H OHH 
POMS en eee +40, ——> ore ea pane H,O 
OH OHH OH O OHH OH 
Gluconic acid 5-Ketogluconic acid 


t R. Y. Stanier, M. Doudoroff, and E. A. Adelberg, The Microbial World, 3d ed., p. 211, Prentice-Hall, 
Inc., Englewood Cliffs. NJ., 1970. 


shall examine rigorous material balance constraints as well as approximate, em- 
pirical stoichiometric relationships which have proven useful. As we shall see, 
these stoichiometric considerations have broad implications in biochemical tech- 
nology ranging from growth medium formulation to computer control and cool- 
ing requirements in bioreactors. Also, as in reactor analysis in general, knowledge 
of stoichiometric relationships is critical in formulating bioreactor material 
balances and making most effective and systematic use of reaction kinetics 
(Chap. 7). 
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5.10.1 Overall Growth Stoichiometry: 
Medium Formulation and Yield Factors 


“Cell growth involves consumption of substrates which provide energy and raw 
materials required for the synthesis of additional cell mass: Viewed in strictly 
macroscopic terms, this process requires that the cell environment contains ele- 
ments needed to form additional cell mass and that the free energy of substrates 
consumed should exceed the free energy of cells and metabolic products’ formed 
(see Fig. 5.28). Clearly, this implies that the free energy of products formed must 
be less than the free energy of substrate consumed. 

Also, the compounds supplied as nutrients must be compatible with the 
available enzymatic machinery of the cell for catabolism and biosynthesis. How- 
ever, in examining cell growth from a strictly macroscopic viewpoint, which is the 
outlook we wish to develop in much of this section, it can be confusing to 
interject considerations of metabolic mechanisms. The whole point of the macro- 
scopic perspective indicated in Fig. 5.28 is that certain stoichiometric constraints 
apply to this growth process independent of the particular mechanism or reaction 
pathways which the “system” of cells employs to effect the overall growth reac- 
tion. Consequently, we shall for the moment resolve the question of chemical 
suitability of certain nutrients by simply restricting our attention to those nutri- 
ents which are known to be acceptable substrates for growth of the cell strain of 
interest. 


Substrates Cells 


(AS;) 


System: 
fixed amount 
(AS2) of cell 

matenal 
Products 
(AP,) 


(AS,) 


Figure 5.28 Simplest macroscopic view of cell growth. The “system” is defined as some fixed amount 
of cell material. In the Process of growth, with this “system” cell material as a catalyst, substrates are 
converted into more cells and metabolic products. 


t Here we shall adopt the following nomenclature conventione metabolic product or product 
refers to a substance, typically an organic compound, different from cell material that is released into 
the medium, and nutrients or substrates denote compounds which are depleted from the medium as a 
result of cell growth or product formation. 
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The simplest form of stoichiometric constraints on medium formulation are 
very briefly stated: if we wish to grow a total mass of cells (X) (uppercase letters 
in parentheses will be used to denote total mass of the substance indicated inside 
the parentheses) and if the cells contain w; weight fraction of element i, then, at a 
minimum, substrates must bə provided such that the total amount of element i in 
all nutrients is w,(X). Generally, this calculation is most conveniently done on a 
dry cell mass basis. To accomplish the calculation for many different elements, 
the cellular content of all of those elements must be known. Table 2.1 is an 
example of a relatively detailed breakdown for the bacterium E. coli. Cell content 
of the major elements C. N, O and H for several different microorganisms is 
indicated in Table 5.10. While some variations are evident from one species to 
another and for the same strain growing in different environments, the composi- 
tion of microbial cell mass viewed on this elemental basis is quite consistent. The 
cellular empirical formulas indicated in this table will be explained and applied in 
the next section. 

Medium formulation is actually more complicated for the following reasons. 
(1) Some substrate elements are released in products, not assimilated into cell 
material. (2) Rate limitations as well as stoichiometric limitations must be consid- 
ered. (3) Specific nutrients may be limiting or specific products may be inhibitory 
due to the metabolic properties of a particular cell strain. The first point will be 
considered later in this section. The second point is discussed briefly before con- 
sideration of yield factors, the simplest quantitative formulation of cell growth 
stoichiometry. 

While we wish in this section to focus only on stoichiometry and not on 
matters of rates or kinetics, it is necessary to consider both when formulating a 
strategy for simplifying the stoichiometric representation of cell growth and 
product formation. The number of nutrient components in the medium is typi- 
cally very large, and we cannot in practice include all of them in our consider- 
ations either of process stoichiometry or of process kinetics. Therefore, we seek a 
rational simplification of the description of the system based upon the identifica- 
tion of certain key, limiting compounds or elements. We can consider identifica- 
tion of the stoichiometrically limiting compound on the basis of growth 
stoichiometry. That is, if cell growth were to continue according to the overall 
“reaction” indicated in Fig. 5.28, which substrate would be completely exhausted 
first? Another type of limiting component can be identified based upon medium 
composition effects on the cells’ growth rate. The growth-rate limiting medium 
component may be identified for a particular strain and environment (tempera- 
ture, pH, and background of certain other nutrients) in the following operational 
| way. Suppose that cells are growing in a given medium under the prescribed 
| environmental conditions. If the concentration of a particular medium compo- 

nent is increased suddenly, does the growth rate of the cells increase? Often, 

growth media are designed so that a single component is growth-rate limiting; 

changing the concentrations of all other medium components by small amounts 

relative to their base values in the medium doés"not alter the growth rate of the 
i : cells. However, it is possible in general for several substrates to be simultaneously 
rate limiting. 


o 


a en Pr EER Se 
eo ETI NA i NE SC PN Se SSS ek Ce = 


meetin ieee iae = aio amin ir mem npg a Luais 


rs e eee 
S'SZ OT ONS THD l ove oti €L TL Ero jouepa sunn “2D 
6'E? OO ONES THO 80E on UL £'OS 90°0 [ouea syun "dD 
9's? FOOTON’ S HO OSE 60 TL 69v SP'0 ason synum o 

Otz LOO TONTE HO l ele VII OL 00s 800 ason synn oppuv) ~ 
697 FONM GTO TEE OC PUAN Po Ta 90 80'T TIE S'8 T9 Lb ISBOA 
6 EZ hd 8 aiid halal © CEE 8'8 tL €0S 1889, 
S'€Z OPO ER ONIN THD 8 OIE CL 59 OL 1583A 
opz rT ONE THO L8% è ori E'L vos $80 — I0IDÁD səuəboiəv y 

sauaBouap 
L'E? OQ TON THD 0'6z Ot! EL 905 ro = JO19041 011215421% 
sauabo.wan 
STZ EEO PEON RL THO 68 VIZ 61 CL L’8b 4ajopqouay 
S'SZ 98 ONZHD Cle L'ETI SL Vly BLapeg 
LOZ LTOQOT ON? H 8 06I ozi CL OES BIO; eg 
SENEE i hn ig ge eas as wg ee 
14319m emunoj ysy S d re) N H e) (,.) quaLyNu WISTURBIOOIONAY 
«IeM, jeorwayo n Zuur 
emunog jeourdug (am fq %) 
uontsodwos 


ijn r aaaaaaallaaaaaaaaaaaaaaaaaaasasuuauaaasasassuaususasssssħÃħÅĂ 


(E86) ‘punjbuy Kaung 
“PIT SAIYSYGNA uvjjnuoyp ‘ozr ‘d <yooqpuvy 4Bojouyoaroig puv Buriaauibug jooimayooig,, ‘vunnavy “4 pub uosumpy ‘g wosf uoissnusod áq porusdoy ) 


(L dego aes) sə yo ssew/əum j1un 
Jəd paulo} S39 Jo ssuul = 9381 ymo Jyəds səzouəp 7/ swsue3Ioou [B19AIS JO uonsodwo [ejus UO BBG OLS AQEL 


2 


28 


METABOLIC STOICHIOMETRY AND ENERGETICS 283 


The limiting component identified on the basis of growth rate may not be the 
same as the limiting component from a stoichiometric viewpoint. That is, one 
compound may limit the growth rate of the cells under certain conditions but jt 
may be exhaustion of a different compound that causes the growth of the cell 
mass to stop in a batch cultivation. The possible distinction between such a 
growth-rate limiting component and a stoichiometrically limiting component is 
often ignored in formulating quantitative treatments of microbial growth. While 
this practice can sometimes cause difficulties in reactor analysis and confusion in 
interpreting performance of the bioreactor, we shall adopt at this point a perspec- 
tive which focuses on a single, limiting nutrient, keeping in mind the possible 
complications just mentioned. For a particular system and a particular medium, 
we can always conduct experiments to explore the validity of the assumption that 
a single component is both growth-rate and stoichiometrically limiting. 

It has been observed frequently that the total amount of cell mass formed by 
cell growth is proportional to the mass of substrate (typically carbon source, 
energy source or oxygen) utilized (see Fig. 5.29). The yield factor Yx, is the 
corresponding ratio defined as 


(AX) 
2a 5.4 
X/S (AS) ( 6) 
We should note that the yield factor has dimensional units implied by the units 
used for cell amount and substrate amount (for example, mass or moles of either 
quantity). The units appropriate to any reported Y value should be checked 
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Figure 5.29 Growth yields (total cell mass formed vs. substrate consumed) for bacterial growth on 
several carbon sources. (a) Aerobic growth of Aerobacter aerogenes, (b) anaerobic growth of Propioni- 
bacterium pentosaceum. ((a) reprinted by permission from L. P. Hadjipetrou, J. P. Gerrits, F. A. G. 
Tenlings, and A. H. Stouthamer, “Relation between Energy Production and Growth of Aerobacter 
aerogenes,” J. Gen. Microbiol., vol. 36, p. 139, 1964. (b) reprinted by permission from T. Bauchop and S. 
R. Elsden, “Growth of M icroorganisms in Relation to Their Energy Supply,” J. Gen. Microbiol. vol. 23, 
P. 457, 1960.) 
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carefully to ensure consistent application of the yield factor parameter. Consider- — 
ing different substrates S; in the medium, different corresponding cell growth 
- yield factors Yy/5, may be defined. Table 5.11 lists yield factors for several differ- 
ent microorganisms grown in media with different carbon sources. Different val- 
ues listed for each case are based upon substrate change in units of mass, moles, 
or grams of carbon per mole of substrate. 

If the yield factor is approximately constant for a particular cell cultivation 
system, the relationship it provides is extremely useful, for knowledge either of 
the substrate or the cell mass concentration change suffices to determine the 
other quantity based on stoichiometry alone. This means that one of these vari- 
ables can be expressed in terms of the other, eliminating one variable in reactor 


Table 5.11 Summary of yield factors for aerobic growth of different 
microorganisms on various carbon sources. Yx,9, is the yield factor 
relating grams of cells formed per gram of O, consumed 

[Reprinted by permission from S. Nagai, “Mass and Energy Balances for Microbial 
Growth Kinetics” in Advances in Biochemical Engineering vol. 11 (T. K. Ghose, A. 
Fiechter, and N. Blakebrough (eds.), Springer-Verlag, New York, p. 53, 1979.] 


Yxis Yxi02 
e 8 8 8 
Organism Substrate g mole g—C g 
Aerobacter aerogenes Maltose 0.46 149.2 1.03 1.50 
Mannitol 0.52 .95.5 1.32 1.18 
Fructose 0.42 76.1 1.05 1.46 
Glucose 0.40 72.7 1.01 1.11 
Candida utilis Glucose 0.51 91.8 1.28 1.32 
Penicillium chrysogenum Glucose 0.43 71.4 1.08 1.35 
Pseudomonas fluorescens Glucose 0.38 68.4 0.95 0.85 
Rhodopseudomonas spheroides Glucose 0.45 81.0 1.12 1.46 
Saccharomyces cerevisiae Glucose 0.50 90.0 1.25 0.97 
Aerobacter aerogenes Ribose 0.35 53.2 0.88 0.98 
Succinate 0.25 29.7 0.62 0.62 
Glycerol 0.45 41.8 1.16 0.97 
Lactate 0.18 16.6 0.46 0.37 
Pyruvate 0.20 17.9 0.49 0.48 
Acetate 0.18 10.5 0.43 0.31 
Candida utilis Acetate 0.36 21.0 0.90 0.70 
Pseudomonas fluorescens Acetate 0.28 16.8 0.70 0.46 
Candida utilis Ethanol 0.68 31.2 1.30 0.61 
Pseudomonas fluorescens Ethanol 0.49 22.5 0.93 0.42 
Klebsiella sp. Methanol 0.38 122 1.01 0.56 
Methylomonas sp. Methanol 0.48 15.4 1.28 0.53 
Pseudomonas sp. Methanol 0.41 13.1 1.09 0.44 
Methylococcus sp. Methane 1.01 16.2 1.34 0.29 
Pseudomonas sp. Methane 0.80 128 1.06 0.20 
Pseudomonas sp. Methane 0.60 96 680 0.19 
Pseudomonas methanica Methane 0.56 9.0 0.75 0.17 
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design calculations. The stoichiometric relationship is also potentially useful for 
bioreactor monitoring: measurement of substrate concentration implies a corre- 
sponding estimate of the cell concentration if initial values of both quantities are 
known. This is quite significant since substrate levels are often much easier to 
determine than is biomass concentration. Actually, some product concentration 
levels, such as CO, leaving an aerobic bioreactor, are the most convenient to 
measure in practice. Here, too, stoichiometry provides a useful structure for relat- 
ing different bioreactor process variables. Before turning to these points, how- 
ever, we need to mention yield factor variability and the concept of maintenance 
metabolism. 

There is no guarantee that a yield factor, an empirically defined, apparent 
stoichiometric ratio, is a constant for a given organism in a given medium. Varia- 
tions in yield factors, for example with respect to growth rate, are commonly 
observed. To understand these variations it is sometimes useful to break down 
substrate consumption into three parts: assimilation into cell mass, provision of 
energy for cell synthesis, and provision of energy for maintenance. Maintenance 
here refers to the collection of cell energetic requirements for survival, or for 
preservation of a certain cell state, which are not directly related to or coupled 
with the synthesis of more cells. Such activities include active transport of ions 
and other species across cell membranes and replacement synthesis of decayed 
cell constituents. 

For chemoheterotrophs, a single substrate serves as both carbon and energy 
source, so that total substrate utilization may be written as 


(AS) = (AS) assimilation + (AS)growtn energy T (AS) maintenance energy (5.47) 
Dividing the equation by (AX) gives 


1 = (AS))assimitation 4 (AS) growth energy 2: (AS) maintenance energy (5.48) 
Yuos (AX) (AX) (AX) 


While the true growth yield factor AX/(AS),<simitation 1S a relatively constant, stoi- 
chiometrically well-defined quantity, the overall yield factor Yx; is not. The ailo- 
cation of substrate used into the three components indicated in Eq. (5.48) is 
variable. A rapidly growing cell population will use more substrate for assimila- 
tion and growth energy, while a cell population in a resting or stationary state 
often consumes substrate for maintenance without any growth (here Y¥x;5 = 0). 

In the next section we will develop an alternative and more rigorous formu- 
lation of cell growth stoichiometry based upon material balances for C, H, N, 
and O. Also, we shall examine a more detailed view of cell growth that, although 
still basically in macroscopic form, considers the central role of NADH and ATP 
in growth metabolism. 


5.10.2 Elemental Material Balances for Growth 


In order to describe cell growth and related metabolic activities in the same way 
as used for simple chemical reactions, it is first necessary to establish a chemical 
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formula for dry cell material. If the elemental composition of a particular strain 
growing under particular conditions is known (see, for example, Table 5.10), the 
ratios of subscripts in the empirical cell formula C,H,O,N, are determined. In 
order to establish a unique cell formula and corresponding formula weight, it has 
proved convenient to employ a formula which contains one gram-atom of car- 
bon. That is, we choose 0 = 1 and then fix a, B, and ô so that the formula is 
consistent with known relative elemental weight content of the cells. The cell 
formulas in Table 5.10 have been written using this convention. One C-mole of 
cells is by definition the quantity of cells containing one gram-atom 
(12.011 grams) carbon, and corresponds to the cell formula weight with the car- 
bon subscript ð taken as unity. 

As the simplest illustration of the elemental balance approach to stoichiom- 
etry, we consider first aerobic growth without product formation, that is, where 
the only products of the growth reaction are cells, CO, and H,O. Then, writing 
the carbon source and nitrogen source chemical formulas as CH,O, and 
H,O,,N,, respectively, the growth reaction equation is 


a'CH,O, + b'O, + c'H,O,N, ———* CH,O,N, + @'H,O + e’CO, (5.49) 


Without loss of generality (since stoichiometric coefficients may always be mul- 
tiplied by the same constant), the coefficient of cells is taken as unity. 

Balances on the four elements in Eq. (5.49) provide four relationships among 
the five unknown stoichiometric coefficients a’, b’, c’, d', and e’: 


C:d=1+e 

H: ax+cl=a+2d 

O: ay + 2b'+cm= f+ d' + 2e 

N: cn=0 (5.50) 


An additional relationship may be provided by experimental determination of 
the respiratory quotient, or RQ, for the growth reaction. The respiratory quotient 
is defined as the molar ratio of CO, formed to O, consumed: 


moles CO, formed 


Respiratory quotient = RQ = ————_—2—_— 
$a gQ moles O, consumed 


(5.51) 


For the growth reaction in Eq. (5.49) above, 
RQ = e'/b' (5.52) 


Thus, if the RQ is known, Eq. (5.52) plus Eqs. (5.50) provide five equations for 
the five unknown stoichiometric coefficients. Possible difficulties with extreme 
sensitivity of the calculated stoichiometry to small errors in the RQ measurement 
are considered in Prob. 5.16. 

The chemical formula for cell composition and the stoichiometric coefficients 
in Eq. (5.49) in general change as a function of cell environment. We must re- 
member that this is a phenomenological relationship, used here to describe the 
combined effects of a large number of independent chemical reactions. Insights 
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into the influences on overall stoichiometry and bridges to our earlier discussions 
of metabolism can be obtained by decomposing the overall growth reaction into 
several reactions steps which correspond to different metabolic functions (but not 
necessarily to specific metabolic pathways). 

- We shall next consider a more detailed stoichiometric representation for 
aerobic growth of a chemoheterotrophic organism. To each reaction we associate 
a reaction involving ATP generation or utilization. These have been written 
separately here, and not simply added to the associated reaction involving C, H, 
O, and N rearrangement, because of practical difficulties with ATP stoichiometry 
which will be discussed shortly. 


Energy source dissimilation 
aCH,O, + coefficient-H,O + = aNAD* — 
aCO, + = a(NADH +H*) (5.53a) 
e,a(ADP + P) ——~+ ¢,a(ATP+H,0) (5.536) 


Oxidative phosphorylation 
2b(NADH + H*) + bO, ——— 2bNAD* + 2bH,O (5.54a) 
2b(P/O(ADP + P) ——— 2b(P/O)(ATP + H 20)  (5.54b) 


Biosynthesis 
ô i ô Pi 
(1 + o)CH,O, + = H,O,,.N, + 3(ye — Ys + o) - x yy (NADH + H*) 


——> CH,O;N; + oCO, + (coefficient): H,O (5.55a) 


MW, MW, 
ma (ATP + H,O) ——+» —_2 (ADP + P) (5.55b) 
YATP YATP 
Maintenance and dissipation 
c(ATP + H,O) ——— c(ADP +P) (5.56) 


Interconnections among these reactions are provided by the constraints that, 
under the conditions of interest here, it may be assumed that no ATP and no 
NADH accumulates. Formation must be balanced by utilization. 

The cost of a more complex but more revealing representation of chemical 
changes accompanying cell growth is a dramatic increase in the number of stoi- 
chiometric parameters. First, notice that the stoichiometric coefficients are writ- 
ten taking into account atom balances for eaeh reaction. Next, notice that the 
stoichiometric coefficient of biomass (CH,O,N,) has been taken to be unity. The 
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coefficients a, b, and c which appear throughout other reactions are therefore 
used to denote the extent to which these reactions occur relative to the growth 
reaction. Rather than writing out the value in detail, the stoichiometric coeffi- 
cients of water have been written simply as “coefficient” in two cases above since 
water consumption or production is usually not significant relative to the 
amount present. Here £, denotes the number of substrate-level phosphorylations 
per carbon mole passing through dissimilation metabolism. 

The parameters Yg, ys, and yy denote the degrees of reductance of biomass, 
carbon source, and nitrogen source, respectively. The reductance degree is the 
number of equivalents of available electrons per g atom carbon, based on car- 
bon = +4, hydrogen = +1, oxygen = —2 and nitrogen = —3. Thus, the degree 
of reductance of a compound with formula CH,O,N, is y = 4+ r— 2s — 3v. 
Based on this convention, the reductance degrees of CO,, H,O, and NH, are all 
zero. 

The yield coefficient YX} is the mass of cells formed per mole of ATP 
consumed for biosynthesis. Efforts have been made to evaluate this quantity 
‘based upon known cell composition and known biosynthetic pathways (see Ref. 
13). Such calculations indicate, for example, that Y%3p is 28.8 g cells/(gmol ATP) 
for growth of E. coli on glucose and inorganic salts. The molecular weight (B de- 
notes biomass) in Eq. (5.555) is needed for conversion from mass to molar units. 

As noted earlier, P/O is the number of ADP phosphorylations per atom of O, 
consumed; this parameter characterizes the efficiency of oxidative phosphoryla- 
tion and in general varies depending on cultivation conditions. Calculations 
based upon an average microbial composition estimate maximum theoretical 
P/O values of 2.25, 2.50, and 3.00 for growth on acetate, malate, and glucose, 
respectively. - 

Direct experimental measurement of these quantities is complicated by the 
difficulty of isolating experimentally a particular ATP generation or utilization 
pathway and the dependence of the relative extents of ATP formation and use on 
culture environment. The major problems here arise because of ATP utilization 
to drive membrane transport processes, to synthesize molecules which are de- 
graded by intracellular hydrolases, and other not fully characterized processes 
sometimes called futile cycles. All of these ATP demands, grouped together here 
under the title “maintenance and dissipation” and indicated above by the single 
“reaction” (5.56), influence other ATP generation and utilization processes. 

Since ATP generation must match ATP utilization, alteration in the relative 
extent or weight of maintenance ATP consumption, indicated above by the 
coefficient c, forces shifts in other reaction extents. Experimental evidence shows 
that maintenance requirements are not dictated by stoichiometric considerations 
but depend instead on the rates of metabolic processes. Accordingly, we must 
defer quantitative treatment of maintenance until we explore cell kinetics in 
Chap. 7. 

It may offer useful perspective at this point to mention the following obser- 
vations: the overall cell mass yield based on ATP utilization is quite similar for 
many substrates and organisms grown anaerobically. The average value is about 
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Yare = 10.7 g cells/(mol ATP). In chemoheterotraphic anaerobes. typically much 
more substrate is consumed for energy production than for assimilation into 
biomass. In one study of anaerobic growth of bakers’ yeast, Saccharomyces cere- 
visiae, in rich medium with glucose carbon source, 98 percent of the carbon 
consumed is used for energy production and only 2 percent for cell mass. It has 
proved quite difficult to determine accurately ATP generation in aerobic growth. 
Available data suggests P/O ratios in the range 0.5 to 1.8—much lower than 
theoretical estimates. Studies of the bacterium Aerobacter cloacae in aerobic min- 
imal medium showed that 55 percent of the glucose consumed was assimilated, 
and 45 percent of the glucose utilized was used for energy production. As these 
figures suggest, the cell mass yield per amount of substrate consumed is typically 
greater under aerobic conditions. For example, for Streptococcus faecalis grown 
in glucose medium, the yield factor Yx [g cells/mol glucose)] is 21.5 under 
anaerobic conditions and 58.2 for aerobic growth. We will examine the implica- 
tions of these allocations of substrate for product formation stoichiometry in the 
next section. 
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5.10.3 Product Formation Stoichiometry 


A variety of metabolic end products is released into the growth’ medium or 
accumulated intracellularly. The pertinent stoichiometries for product formation 
may be classified usefully into the following four classes; the first three corre- 
spond to the fermentations classification formulated by Elmer L. Gaden, Jr. in 
1955. 


1. The main product appears as a result of primary energy metabolism. Exam- 
ple: ethanol production during anaerobic growth of yeast. 

2. The main product arises indirectly from energy metabolism. Example: citric 
acid formation during aerobic mold cultivation. 

3. The product is a secondary metabolite. Example: penicillin production in 
aerated mold culture. 

4. Biotransformation. The product is obtained from substrate through one or 
more reactions catalyzed by enzymes in the cells. Example: steroid hydrox- 
ylation. 


Class 1 processes have a relatively simple stoichiometric description. Product 
appears in relatively constant proportions as cell mass accumulates and substrate 
is consumed. Here, the processes of substrate utilization, cell mass synthesis, and 
product formation are linked as in a simple, single chemical reaction. This may 
be obtained by adding product, denoted CH,O,, to the right-hand side of Eq. 
(5.49), giving 


a’'CH,O, + b'O, + c’H,O,,N, 


CH,O,N, + d'H,O + e'CO, + f’CH,O,, (5.57) 


certs 
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(Extension of the formalism to include nitrogen-containing products is straight- 
- forward.) 

A corresponding yield factor may be written, taking into account the use of 
molar units in the yield factor parameter. Thus, if the substrate is glucose which 
contains six carbon atoms per molecule, the number of glucose molecules used 
when reaction (5.57) occurs is a’/6. Similarly, if the product contains n, carbon 
atoms per molecule, f'/n, product molecules are formed. Thus, the molar yield 
factor Yps (moles product formed/moles substrate consumed) may be written 


f'n, 
| a i 58 
P/S d n, (5.58) 


Here, n, denotes the number of carbon atoms in a substrate molecule. 

For class 2 situations the simple stoichiometry of Eq. (5.57) does not apply. 
Product formation is not necessarily proportional to substrate utilization or cell 
mass increase. Representation of the stoichiometry in such a case requires an 
independent reaction equation for product formation. It is instructive to consider 
the addition of a product formation step to the growth reactions given in Eqs. 
(5.53) through (5.56) above: 


Product formation 


dCH,O, + (coefficient)H,O + 4y, — 2),)NAD* ——— 
dCH,O,, + d(1 — z)CO, + diy, — zy,(NADH + H*) (5.59a) 
e,d(ADP + P) ——> ¢,d(ATP + H,O) (5.59b) 


Here, z denotes the carbon fraction of substrate used for product formation 
which is found:in the product. The number of ATPs generated by product forma- 
tion is denoted g; this coefficient may be negative, indicating that ATP is utilized 
rather than generated in connection with product formation metabolism. Simi- 
larly, if the coefficient y, — zy, is negative, reducing equivalents stored as NADH 
(or NADPH ~—at this low level of metabolic detail there is no reason to distin- 
guish between these two carriers) are utilized in concert with product formation. 
The stoichiometric descriptions appropriate for classes 3 and 4 cases depend 
on the particular substrates and products involved. Product formation in these 
cases is typically completely uncoupled from cell growth. Secondary metabolite 
accumulation is dictated by kinetic regulation and activity of the cells. 
Examination of product formation stoichiometry offers several useful insights 
for engineering analysis. One application is estimation of upper bounds for prod- 
uct yields. These numbers can be very useful in preliminary economic analysis 
(see Chap. 12). Consider the anaerobic fermentation of glucose to ethanol as 
an initial example. (The reactions given above for aerobic metabolism may 
be adapted for anaerobic situations by deleting O, everywhere and dropping 
oxidative phosphorylation reactions.) The best possible case is utilization of all 
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substrate for product formation alone. Assuming that cell growth is negligible, 
then, Eq. (5.57) becomes simply l 


CH,O 


3CO, + 4CH300o5 (5.60) 


showing that at most 2/3 of the substrate carbon used can appear in the product. 
Recalling Eq. (5.58), the corresponding upper bound on the molar yield factor is 
(Yors max = (2/3)(6/2) = 2. 

The same approach can be applied in all other types of product formation 
situations, including those in which multiple products are formed. We can deter- 
mine the upper bound for product yield by assuming that no cells or other 
products accumulate. For example, writing the reaction for penicillin synthesis 
from precursors, 


1.5 glucose + H,SO, + 2NH; + phenylacetate ———> 
penicillin G +CO,+8H,O (5.61) 


we can determine that the maximum possible yield of penicillin is 1.2 g penicillin/ 
(g glucose). Actual yields are much lower (ca. 0.1 g/g), indicating useful remaining 
potential for organism and process improvement. Yields much lower than the 
upper bound value indicate that significant substrate utilization supports growth, 
maintenance or synthesis of other products. 

Examining the interconnection between energy metabolism and product for- 
mation as represented in Eqs. (5.53) through (5.56) and (5.59) can provide useful 
insights into the impact of maintenance requirements on product yields. Suppose 
that ethanol is produced from glucose anaerobically in a medium containing 
ammonia as a nitrogen source. Substrate-level phosphorylation [Eq. (5.53b)] is 
the only source of ATP. Thus, a relatively high maintenance requirement means 
a relatively large amount of glucose will be used in dissimilation reactions. This 
in turn generates relatively more NADH, which is not used to any great degree in 
biosynthesis, Eq. (5.55a), since the reductance degrees of substrate and biomass 
are quite similar. The stored electrons are used in product formation, Eq. (5.59a), 
resulting in relatively large accumulation in the medium of a product (ethanol), 
more reduced than the substrate. Conversely, in aerobic systems where classes 3 
or 4 product formation is often the goal, increased maintenance requirements 
decrease product yields by increasing substrate utilization for energy production. 

Clearly, there are many different ways in which metabolic subreactions such 
as Eqs. (5.53) through (5.56) and (5.59) could be formulated. Modifications in the 
stoichiometric formulation are needed for example, if multiple carbon and/or 
nitrogen sources are used or if the product contains nitrogen. Also, stoichio- 
metric statements could equally well be written based on particular metabolic 
pathways. Indeed, approaches of this type, combined with measurements of the 
amounts of substrates consumed and products formed, have been applied use- 
fully to ascertain the relative activities of parallel and branching metabolic path- 
ways. Since the basic principles and methods used in such cases correspond 
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closely to that described above, we shall leave to the problems further consider- 
ation of alternative stoichiometric formulations. Next, we extend our discussion 
of stoichiometry to consider metabolic heat generation. 


5.10.4 Metabolic Energy Stoichiometry: 
Heat Generation and Yield Factor Estimates 


Cells use chemical energy quite efficiently but, like any real process, some of the 
energy in the substrates is released as heat. Metabolic heat generation dictates 
cooling requirements for bioreactors which harbor cells. Cellular heat production 
is primarily the result of energy and growth metabolism. Consequently, it is 
reasonable to expect an approximately proportional relationship between heat 
generated and energy substrate utilized. Accordingly, we define a yield factor Y, 
(grams of cell mass per kilocalorie of heat evolved) analogous to the earlier yield 
coefficients. If Y, is grams of cell mass produced per gram substrate consumed 
and AH, and AH, are the heats of combustion (kilocalories per gram) of sub- 
strate and of cell mass material, respectively we can write 


Y,(g cell/g substrate) 


Y,(g cell/keal) = (AH, — Y,AH,)(kcal/g substrate) 


(5.62) 


This arises from approximate energy balances over two pathways, as shown in 
Fig. 5.30, for aerobic growth. Provided that the predominant oxidant is oxygen, 
the heat generation AH, per gram of substrate completely oxidized minus Y,AH,, 
the heat obtained by combustion of cells (and extracellular-fluid residue) grown 
from the same amount of substrate, will reasonably approximate the heat genera- 
tion per gram of substrate consumed in the fermentation which produces cells, 
H,O and CO,. 

The accuracy of the assumptions underlying Fig. 5.30 and Eq. (5.62) is exem- 
plified by data for yeast growing on n-paraffins. By experiment, AH, and AH, 
were found to be 11.4 and 4.7 kcal/g, respectively, giving 
1 11,400 


Y, — 4700 


s 


I ; 
O, + substrate Total combustion CO, +H,0 


AH,, kcal/g substrate oxidized 


4H,, kcal/g cells 
combusted 


Il Respiration yielding cellular material II] Combustion of cellular material 


H20 + CQ, + microbial cells 


Figure 5.30 Approximate heat balance in substrate consumption. 
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which is Eq. (5.62) inverted. Direct measurement of Y, and Y, produced the 
following results [16]: 


Ya 


Y,, experiment From Eq. (5.62) Measured 


1.25 4400 4640 
1.03 l 6400 6060 
1.09 5800 5830 


In the absence of experimental data, the heat of combustion of cells (and 
other compounds, for that matter) can be estimated based upon the following 
empirical observation: the energy obtained by transferring electrons from a com- 
pound which has reductance degree y, to a compound such as CO, or CH4, 
which has zero reductance degree, is given by K-y,, where the value of K is in the 
range 26 to 31 kcal/(electron equivalent). Since molecular. oxygen O, accepts four 
electrons during respiration, this corresponds to 104-124 kcal/mol O, consumed. 
Data for two bacteria, a yeast, and a mold grown on different media are summar- 
ized in Fig. 5.31. While the scatter is nontrivial, the general trend is clear. 

As an example, we shall estimate the heat of combustion of Pseudomonas 
fluorescens growing in glucose medium. First, a reaction for cell combustion is 


2 E. coli — Glu 
OC. intermedia — Glu 
àC. intermedia — Mol 
v B. subtilis — Glu 
OB. subtilis — Mol 
© B. subtilis — Sbm 
OA. niger — Glu 
. niger — Mol 


bà 
m 


Co 


Linear regression line 
slope = 124 + 3 kcal/mol O, 


On 


> 


N 


0 10 20 30 40 50 60 70 80 90 100 


Rate of oxygen consumption, mmol/L-h 


Figure 5.31 Experimental heat production and oxygen consumption for several microorganisms 
grown in different media. (Glu, glucose medium; Mol, molasses medium; Sbm, soy bean medium). 
(Reprinted by permission from C. L. Cooney, D. I. C. Wang, and R. I. Mateles, “ Measurement of Heat 
Evolution and Correlation with Oxygen Consumption during Microbial Growth,” Biotech. Bioeng., vol. 
11, p. 269, 1968.) 
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written using the measured cell composition, assuming the combustion products 
are CO,, H,O, and N,: 


CH, 66 No.2000.27 + 1.280, aei A CO, + 0.10N, + 0.83H,O (5.63) 
Cells 
Assuming a heat of combustion of 104 kcal per mole O,, the heat released by 


combustion of bacteria as in Eq. (5.63) is 


(1.28 mol O,)(104 kcal/mol O,) _ kcal 
[12 + (1.66)(1) + (0.20)(14) + (0.27)(16)]g Gal g (2:69 


However, cell dry weight measured experimentally includes ash. If the cell’s dry 
matter contains 10 percent ash, then the heat of cell combustion is 


6.41 kcal k 
AH, x (0.90)( La) sg all (5.65) 
g g dry cell mass 


The value of Y, will depend both upon the particular microbial species 
(through AH.) and upon the substrate consumed (through AH,). A sampling of 
calculated values appears in Table 5.12. Note, in general, that hydrocarbons 
produce more heat than partially oxygenated species [¥,(CH,) < ¥,(CH,OH), 
Y, (n-alkanes) < (Y,(glucose)]. Thus, more reduced substrates imply greater heat 
removal demands on the bioreactor. The economic implications of this energetic 
stoichiometry are considered in Chap. 12. ` 

In fermentations or waste-treatment processes, the substrates are frequently a 
mixture of many compounds, each having a different heat of combustion. Writing 
the standard free energy of combustion as AG°, Servizi and Bogan [18] noted 
that the stoichiometric ratio (mọ = moles O, needed per complete oxidation of 


Table 5.12 Comparison of yield coefficients for bacteria grown on various carbon 
sources 


eee 


Substrate ¥,, g cell/g substrate  Y,,, g cell/g O, consumed Y,, g cell/kcal 
Malate 0.34 ` 1.02 0.30 

Acetate 0.36 0.70 0.21 

Glucose equivalents 0.51 1.47 0.42 

(molasses, starch, cellulose) 

Methanol 0.40 0.44 0.12 

Ethanol 0.68 0.61 0.18 
Isopropanol 0.43 0.23 0.074 
n-Paraffins 1.03 0.50 0.16 
Methane 0.62 0.20 Tek 0.061 


pi a a a N a a o 
"From B. J. Abbott and A. Clamen, “The Relationship of Substrate, Growth Rate, and Main- 
tenance Coefficient to Single Cell Protein Production,” Biotech. Bioeng., 15; 117, 1973. 


¥,, g cells/mol substrate 
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1 mol of substrate) is proportional to AG° for a number of compounds. In par- 
ticular 


AC? = — 116m, kcal/mol substrate | (5.66) 
for carbohydrates, TCA cycle intermediates and some products of glycolysis, and 
AG? = — 104m, kcal/mol substrate (5.67) 


for aromatics, alcohols, and aliphatic acids. (Hattori [Ref. 4 of Chap. 13] notes 
that if the chemical oxygen demand (COD) in grams of oxygen per mole is 
already known, mọ = COD/32 which may be substituted directly into these equa- 
tions.) The average free energy in complete oxidation of multiple substrates is 
simply 


¥(M;AG?) 
M; 


AG? = kcal/mole (5.68) 


where i = species l 

M; = moles of ith substrate 

AG? = free energy for complete oxidation of substrate i 

Further, it appears that the yield coefficient Y for a reactor containing a 
number of unicellular species can be defined in the same manner as for the single 
species (bacteria or yeast) of the preceding discussion. Servizi and Bogan [18] 
determined the average yield coefficient Y, (grams of cell per mole of substrate) 
for the multiple-species/multiple-substrate system activated sludge (Chap. 14) and 
found (see Fig. 5.32) 


Ii 


Y, = 0.108AG° g cells/mol substrate (5.69) 
i80 
160 
2 140 
3 
ž 120 
= 100 
£ 80 Figure 5.32 Average yield coef- 
8 ficient for activated sludge 
ie 60 growth as a function of the av- 
40 erage substrate free energy of 
56 oxidation. (Reprinted from J. 
= A. Servizi and R. H. Bogan, 
0 “Thermodynamic Aspects of 


0 200 400 600 800 1000 1200 1400 Biological Oxidation and Syn- 


ZMAG” kaiaa heat thesis,” J. Water Pollut. Control 
; an Fed., vol. 36, p. 607, 1961.) 
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Thus, given Y,, the other quantities in Eq. (5.62) can be determined easily experi- 
mentally, and hence the microbial heat generation yield factor Y, can again be 
calculated. 

It is reasonable to expect the coefficient in Eq. (5.69) to depend upon the 
microbial species involved, so that again direct measurement on the appropriate 
species is desirable. However, the original argument of Servizi and Bogan that 


F, oc AG° is based on an assumed linearity between the yield coefficient Y, and 
the number Ñ rp of molecules of ATP synthesized per mole of substrate con- 
sumed. Since Y, = grams of cell per gram of substrate, the coefficient of propor- 
tionality between F, and Ñ zp is simply the grams of cells produced per mole of 
ATP utilized. This latter value is known to be approximately constant for a wide 
range of anaerobic species but is more variable for aerobes (Sec. 5.9.2). Equation 
(5.69) may provide a useful estimate in general for mixed-substrate/mixed-popu- 
lation systems in the absence of better data. It is probably accurate only to the 
order of +20 to 30 percent, as can be seen best from the data for the correlation 
displayed in Fig. 5.32. 

The relationship mentioned above between available electrons and energy 
content of a substance may be used to obtain an estimate of the upper bound of 
organic product yield from organic substrate. Defining ¢, as the fraction of avail- 
able electrons in the substrate included in the product, we can evaluate ¢, as 


= 5.70 
P (available electrons/g substrate) \g substrate (19) 


_ (available electrons/g product) ( g product ) 
The last term on the right-hand side is simply the mass yield factor You: The 
number of available electrons per gram of an organic substance may be written 
as oy/12 where ø is the mass fraction of carbon in the compound and y is the 
degree of reductance of this carbon. Substituting this relationship into Eq (5.70) 
gives 


G= S Yes (5.71) 


Since the substrate and product energies are approximately proportional to 
their available electron content, ¢, has the alternative interpretation as the energy 
yield of product from substrate. As such, it follows that ¢, must be no greater 

max 


than unity. Accordingly, an upper bound on product mass yield, Ys", may be 
obtained by taking ¢, equal to unity in Eq. (5.71): 


max Sss oo (5.72) 


PS ~~ 


Values of Ypg for several different substrates and products are listed in Table 
5.13. 
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Table 5.13 Upper bounds for product mass yields 
ps (g product/g substrate) estimated from Eq. 

(5.72) 

i Reprinted by permission from V. K. Eroshin and LG. 

Minkevich, “On the Upper Limit of Mass Yield of an Organic 

Product from an Organic Substrate.” Biotech. Bioeng., vol. 24, 

p. 2263. 1982} 


eee O 


Substrate 

ee ee 
Product n-Alkanes Ethanol Glucose 
Citric acid 4.55 2.77 1.42 
Polysaccharides 3.21 1.96 1.00 
Acetic acid 3.21 1.96 1.00 
Lysine 2.23 1.36 0.70 
Streptomycin e Er 0.66 
Ethanol 1.64 sees 0.51 
Triglycerides 1.18 0.72 0.37 


5.10.5 Photosynthesis Stoichiometry 


Yields for photosynthetic reduction of CO, to carbohydrate are important first 
for food production and secondly for determining rates at which biomass process 
feedstocks can be renewed. Based upon known pathways of electron flow and 
photosynthetic reactions, a theoretical estimate for photosynthetic efficiency (free 
energy stored as glucose ~ free energy of absorbed (700 nm) radiation x 100 
percent) of 35 percent was obtained. This figure is an idealized upper bound, 
however, because it does not take into account the fraction of incident solar radi- 
ation that is useful for photosynthesis (~ 0.43), light reflection and leaf shading 
reductions (by a factor of 0.80 or less), and dark respiration (effects vary but a 
representative factor is 0.67). Multiplying these factors by the theoretical 
photosynthetic efficiency estimate gives a (high) practical efficiency estimate of 8 
percent. 

The corresponding amount of biomass (as starch) produced per unit area 
(m*) per unit time (say, one day), is given by 


( biomass produced (g E 


; m? day 


= (solar flux: kcal m~? day~*) x (photosynthetic efficiency x 0.01) 


7 ( 1 mol a (180 — 18)g starch 


73 
686 kcal mol glucose oP} 


The solar flux varies with global location and séason. For example, the overall 
U.S. average solar flux value is 3930 kcal m~? day~'. However, the daily average 
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Table 5.14 Measured annual average and maximal photosynthetic 
productivity and efficiency for several different plants 

(Data from J. A. Bassham, “Increasing Crop Production Through More C ontroiled Phiprasya 
thesis,” Science, vol. 197, p. 630, 1977. Reprinted by permission.) 


s a a a a e aa 


Annual average Measured maximum 
Yield, Efficiency, . Yield. Efficiency, 
Plant gm~* day"! oh g m`? day"! % 
C, plants 
Alfalfa 8 0.7 23 1.4 
Sugar beet 9 0.8 31 1.9 
Chlorella 28 1.7 
C, plants 
Sugarcane 31 2.8 38 2.4 
Sorghum 10 0.9 $1 3.2 
Corn (Zea mays) 52 3.2 


value in the U.S. southwest in the summer is 6775 kcal m~? day~’. The last term 
in Eq. (5.73) includes the loss of one H,O for each glucose incorporated into 
starch. 

Equation (5.73) may be used in connection with measured biomass produc- 
tivities and solar fluxes to calculate the actual photosynthetic efficiencies for 
various plants and algae (Table 5.14). These actual values are in the range of 0.8 
to 3.2 percent, substantially below the theoretically based estimate. Notice also 
that a group of photosynthetic plants called “C,” have significantly greater 
efficiencies than those grouped as “C,.” We shall next briefly examine the bio- 
chemical basis for this difference. 

The phenomenon of photorespiration, use of oxygen with CO, production in 
the presence of light, is an important consideration in the overall growth efficien- 
cies of photosynthetic organisms. In this process, carbon fixation reactions in the 
plant give the intermediate riboluse 1,5-diphosphate (see Sec. 5.6.1) which is de- 
graded in photorespiration as follows: 


i : ibulose diphosph 
Ribulose 1,5-diphosphate + O, _Tibulose diphosphate , 


carboxylase 


phosphoglycolate + 3-phosphoglycerate + 2H* (5.74) 


The phosphoglycolate is next hydrolyzed, yielding glycolate which is converted 
to glycine and other products in microbodies in the plant cell. 

This oxidation process produces neither ATP nor stored electrons and there- 
fore wastes photosynthetic energy. However, the oxidation reaction (5.74) is 
inhibited by high concentrations of CO,. The C, plants maintain relatively high 
CO, concentrations in cells in which the Calvin cycle (Fig. 5.15) occurs by an 
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interesting device. In C, plants, mesophyll cells in contact with the air conduct a 
number of reactions with the following overall result: 


Mesophyll cells 
Pyruvate + CO, + ATP + 2H,O 


malate + AMP + 2P, (5.75) 


The malate so formed enters an adjacent bundle-sheath in which the Calvin cycle 
reactions take place. There the CO, incorporated into malate above is released 
by the reaction 


Malate ——— pyruvate + CO, (5.76) 


The net result of this cycle is use of two high-energy phosphate bonds to main- 
tain high CO, concentrations in the environment of the ribulose diphosphate 
carboxylase enzyme, thereby minimizing photorespiration. This corresponds 
to use of 12 additional ATP per mole of glucose formed by photosynthesis. 
This process clearly involves a trade-off between energy consumption to drive 
the C,-plant CO, transport reaction cycle and energy loss due to enhanced photo- 
respiration without this device. Interestingly, the photorespiration reaction (5.74) 
has a higher activation energy than the carboxylation reaction (5.37) also cata- 
lyzed by ribulose diphosphate carboxylase. This likely explains why C, plants 
are more abundant in the tropics while C, plants predominate in temperate 
climates. 


Sugars 
fatty acids, 
amino acids 
Light, H,O. 
CO,, NH; 


Microbial heterotrophs 


Polysaccharides, 
fats, proteins 


Plant autotrophs 


Animal heterotrophs 


fatty acids, 
amino acids 


Respiratory 
metabolism [] 
of cell 


Chemical Regulatory Osmotic Electrical Mechanical 
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CO, +H,OC U U UüūÜ(€ĉÁ 


Figure 5.33 Overall schematic diagram of energy flows in the cell and its environment. (From “Cell 
Structure and Function,” 2d ed., p. 26, by Ariel G. Loewy and Philip Siekevitz, Copyright © 1963, 
1969 by Holt, Rinehart and Winston, Inc. Reprinted by permission of Holt, Rinehart and Winston.) 
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5.11 CONCLUDING REMARKS 


We now know that extremely complicated reaction processes abound in the liv- 
ing cell. In spite of the complexities, a few central features occur quite often and 
provide a helpful unifying link between all aspects of cell metabolism. Perhaps 
the most important common aspects of cell biochemistry are ATP’s role as an 
energy carrier (Fig. 5.33) and the reducing power shuttle, NAD. We have seen 
how stoichiometric relationships at many levels can be used to interrelate the 
chemical changes which result from cell metabolism. _ 

In the next chapter, we finish our introductory study of the cell’s operation. 
After that, we shall tackle the difficult problem of analyzing, interpreting, and 
designing processes for exploitation of biological reactions. 


PROBLEMS 


5.1 Equilibrium The standard-free-energy change of the reaction phosphoenolpyruvate + ADP > 
pyruvate + ATP is —7.50 kcal. If the reaction is initiated with 6.0mM ADP, 6.0mM phosphoenol- 
pyruvate, 6.0mM ATP, and no pyruvate, what will the final concentrations be? . 


5.2 Mineral function For each element or species in Table 5P2.1 identify the important function(s) 
within the cell and the predominant chemical form for each function. Is it necessary in such an 
experiment for every element in the resulting ash to have a biochemical function? (See C. N. Frey, 
Ind. Eng. Chem., 22; 1154, 1930.) 


Table 5P2.1 Approximate ash content from complete oxidation 
of yeasts 


Approximate Approximate 
Species content, % . Species content, % 
Phosphorus pentoxide 50 Silicon oxide 1 
Potassium oxide 35 Sodium oxide 1 
Magnesium oxide 5 Sulfur trioxide 0.5 
Calcium oxide 1 Chlorine, iron Trace 


5.3 Standard-free-energy changes The free-energy change of a reaction AG is related to the half-cell 
potentials E, — E, of the individual half reactions 


AG = —nF AE = —nF(E, — E>) 


where n is the nuinber of electrons transferred per mole reactant converted, F is Faraday’s con- 
stant = 23 kcal/(V-mol), and E; (i = 1, 2) is given by the Nernst equation 
RT Si, red 


E, = Eio — vz ln 


i, ox 


where s, = concentration of a reactant in oxidized or reduced form, and E; = half-cell potential when 
Si, rea/S;,ox = 1.0 compared to the half cell for H: 


S 


i, red e eA Si ox +ne Eo ka 0 
H, ——— 2H* + 2e” E, = 0 by definition 


Some half-cell potentials of interest are given in Table 5P3.1. 
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Tabie 5P3.1 
Half cell! n | Ey, V 


—0.70 
—0.27 
—0.19 
—0.23 


Acetate + CO, + 2H* ————> pyruvate + 2H,O 2 
Acetoacetate + 2H* -> §-hydroxybutyrate 2 
Pyruvate + 2H* ———> lactate 2 
S$+2H* ——— H,S 2 
40,+2H* ——> H,O 2 0.82 
NAD(P)* + 2H* — NAD(P)H + H+ 2 — 0.32 
FAD + 2H” m——— FADH, (free coenzyme) 2 —0.18 
-Chlorophyll* ————  chlorophyll* + e7 l —0.2? 
Chlorophyll* ————- chlorophyll l 0.9? 
NO; + 2H* ——> NO; +H,O 2 0.42 
S0,?7 + 2H* ———> SO, +H,O 2 0.48 
Acetate + 2H* ——~ acetaldehyde + H,O 2 — 0.60 
Acetaldehyde + 2H* -———— ethanol 2 —0.20 


t Selected values from W. B. Wood, J. H. Wilson, R. M. Benbow, 
and L. E. Hood, Biochemistry: A Problems Approach, pp. 190-191, W. A. 
Benjamin, Inc., Palo Alto, Calif., 1974. 

t Eucaryotic photosynthesis, noncyclic portion. 


From the standard half-cell potentials given, at standard conditions show that the following 
overall reactions are (not) possible: 

(a) Electron transfer from excited chlorophyll 

(b) Oxidation of B-hydroxybutyrate with oxygen 

(c) Oxidation of acetaldehyde by acetaldehyde (dismutation). 


5.4 AG’ of cellular conditions (a) From Table 5.3, calculate the free-energy change for each step in 
glycolysis in the human erythrocyte. 

(b) From these data and the free energy of ATP hydrolysis to ADP under the same conditions, 
establish the need for ATP to drive the particular reaction steps in which it participates. 

(c) From your calculations, determine the overall free energy change AG’ for glycolysis at cellu- 
lar conditions. 


5.5 Network kinetics A cell carries out many reactions simultaneously, yet often the apparent behav- 
ior of a sequence of reactions is that of only a few. 

(a) Show that, at steady state, the mathematical expression for the rate of P formation for the 
postulated Michaelis-Menten sequence 


ES ~——~ E+P 


E+S 
is indistinguishable from that for the following equilibrated sequence: 
S +E, === S, +E; 


S,+ E, = S, +E, 


S, + E, —_== E,S; r E, + P 


(b) The 10 reactions in series in Fig. 5.5 can be represented by only three kinetic equations 


b describing 

S kı kı Ee k, 

é Ae Se Be = D (lactate). 
| | Identify A, B, and C. 


SE RNase 
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Table 5P5.1 
AG”, kcal/mol 

Phosphoenolpyruvate —128 
1,3-Diphosphog] ycerate —11.8 
Phosphocreatinine —10.5 
Acetyl phosphate — 10.4 
ATP (terminal bond) —7.3 
Glucose 1-phosphate i — 5.0 
Fructose 6-phosphate —3.8 
Glucose 6-phosphate —3.3 
3-Phosphoglycerate —3.1 
Glycerol 1-phosphate —2.3 


(c) The standard free energies of hydrolysis of phosphate compounds are given in Table 5P5.1. If 
the ATP/ADP ratio in the cell diminishes by a factor of 10 (with sum ATP + ADP = const), what 
happens to the free-energy differences calculated in Prob. 5.4 for the three steps (b) above? What 
(un)useful effect results for the cell? 


5.6 ATP regeneration The cell drives many chemical reactions with unfavorable equilibrium con- 
stants by the coupled hydrolysis of ATP to ADP or AMP. The use of isolated enzymes for similar 
potential syntheses of interest would require (eventually) the transfer of a phosphate group from a 
system with a higher free energy of hydrolysis (in order to regenerate ATP). For the phosphate 
compounds listed in Prob. 5.5: 

(a) What is the cost per pound of each compound with a higher free energy of hydrolysis? 
(Consult any biochemical catalogue.) 

(b) To produce ATP from ADP at the levels cited in Table 5.3, what concentration of the 
following phosphorylated species is needed: glucose 1-phosphate, fructose 6-phosphate, or glycerol 
1-phosphate? 
5.7 NAD regeneration in enzymatic steroid transformation A technique for steroid conversion with 
20 B-hydroxysteroid dehydrogenase (20 B-HSDH) (P. Cremonesi et al., “Enzymatic preparation of 
20 B-Hydroxysteroids in a two phase system,” Biotech. Bioeng., 17: 1101, 1975) consisted of three 
steps: : 


Steroid hydrogenation: 


20 B-HSDH 


Cortisone + NADH + H* NAD* + H, -cortisone (1) 
Ethanol oxidation: 
C,H;,OH + NAD* | oha Gees ose CH;CHO + NADH + H+ (2) 
Acetaldehyde removal: 
CH;,;CHO + NH,NHCONH, ——————>_ _CH;CHNNHCONH, (3) 


Semicarbazide 


Reactions (1) and (2) together have an equilibrium constant near unity. 

(a) Taking the equilibrium for (1) and (2) to be unity, evaluate the thermodynamically possible 
conversion of cortisone assuming that reaction (3) (which must also_be reversible at equilibrium) has 
an equilibrium constant of 10, 103, 105, 10’° in units of reciprocal concentration. Plot the result as 
cortisone conversion vs. log K. 


eh sean tae 
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(b) Since steroids are relatively insoluble (saturation at 10°* to 1075 mol/l in water), the overall 
amount of cortisone in the system was increased by the addition of organic solvents, which formed — 
a two-phase system, thus allowing the organic phase to hold relatively high concentrations of 
steroid (cortisone solubility = 0.160 g/100 mL in butyl acetate) which acted as a reservoir for the 
aqueous phase. Taking ¢ = volume fraction of butyl acetate in water-butyl acetate emulsion, and 
1074 mol/L = cortisone solubility in water, what is the maximum conversion possible if H, -cortisone 
is insoluble in the solvent (assume same solubility in water as cortisone) and K for reaction (3) is 10, 
10°, 10°? Repeat for H, cortisone solubility = 0.160 g/100 mL buty! acetate. 

(c) Enumerate the thermodynamic devices used by these authors to drive the desired reac- 
tion (1). 

5.8 Permeability Derive Eq. (5.40). State all assumptions. 


5.9 Network mass balance You have an absentminded friend who unfortunately is not a very good 
experimenter. He was asked to run a fermentation in a laboratory course but neglected to weigh the 
glucose he added and also forgot to analyze for ethanol. He has found that the fermentation pro- 
duced the compounds shown in Table 5P9.1. He knows that all glucose (C6 H;06) is oxidized to 
pyruvic acid (CH;COCOOH) by the EMP pathway and that no other products except ethanol are 
formed. He comes to you for help in salvaging something out of this mess. How many moles of 
ethanol should you teli him have been formed? (State your assumptions.) 


Table 5P9.1 


Lactic acid 


(CH,CHOHCOOH) 10 
Acetic acid (CH,COOH) 5 
Carbon dioxide (CO) 15 
Hydrogen (H;) 10 


5.10 Definition of life Comment on the (lack of) necessity for each word in the following definition 
(J. Perrett, New Biol., 12: 68, 1952): “Life is a potentially self-perpetuating open system of linked 
organic reactions, catalysed stepwise and almost isothermally by complex and specific organic cata- 
lysts which are themselves produced by the system.” For a more recent discussion, see J. D. Bernal, 
Theoretical and Mathematical Biology, p. 96ff. Blaisdell Publ. Co., N.Y., 1965. 


5.11 Free energy: electron-transfer basis The fact that intracellular precursors are typically ions and 
that electron transfer is intimately associated with free-energy transfer in glycolysis, TCA cycle, mito- 
chondrial, and other typical metabolic processes suggests that energetics might most fundamentally 
be based on units of electron transfer. McCarty [“ Energetics of Organic Matter Degradation,” in 
Water Pollution Microbiology, R. Mitchell (ed.), p. 91, Wiley-Interscience, New York. 1972] suggests 
the use of a yield coefficient Y, (grams of cell synthesized per electron equivalent) defined by 


_C¢ 
“ThA 
where C = grams of cells used to generate an electron equivalent 
h= 1.0 (usually) = number of electron moles actually transferred from a donor molecule 
divided by electron equivalents per mole (in proper half-cell reaction) 


A= electron equivalents of electron donor converted for energy per electron equivalent of cells 
synthesized 


From the presumed cell formula C;H,O,N, the value of C is calculated to be 5.65, assuming the half 
reaction for oxidation to be 


70CsH,O,N + H,O = $CO, + 4HCO; + ANH} +Ht +e 
(a) Verify the value of C above. 


S 
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Table S5P11.1' Cell-yield coefficients estimated from energetics of substrate 
oxidation 
K = 0.6, ammonia = nitrogen source 


Electron donor Electron acceptor AG,,? kcal AG, kcal A,cale _ Y,, calc, g/electron equiv 


Acetate O; —25.28 1.94 0.71 7.96 
NO;! —23.74 1.94 0.76 7.43 
SO2- —1.52 1.94 11.8 0.48 
CO, —0.85 1.94 21.1 0.27 
Glucose O; —28.70 —1.48 0.38 1490 
CO, —4.26 —1.48 258 2.19 
Ethanol O, —26.27 0.95 0.58 9.76 
CO, —1.83 0.95 8.3 0.67 


t P. L. McCarty, in R. Mitchell (ed.), Water Pollution Microbiology, p. 107, Wiley-Interscience, 
New York, 1972. 

t Products and reactants at unit thermodynamic activity except pH 7. 

* Reduction to N3. 


(b) Verify the values of A and Y, in Table 5P11.1 from additional data in the table. 


Keeping the same value of K = 0.60, calculations of A were typically within 50 percent of 
measured values for 25 systems, about half anaerobic and half aerobic. 
The value of A needed in the definition of Y, above is estimated from 


— AG,/K + AG, + AG,/K 
K AG, 


where AG, = free energy required to convert carbon source used for cell synthesis to intermediate 
level , 
AG,, = free energy required to convert inorganic nitrogen source into ammonia, the oxidation 
-state of nitrogen in cellular material 
AG, = free energy required to convert both intermediate-level carbon and ammonia into cellu- 
lar material ~7.5 kcal/electron equiv of cells (including inefficiencies) 
K = average efficiency of free-energy transfer (range = 0.4 to 0.8 in heterotropic or auto- 
trophic bacteria) 
AG, = free-energy change per electron equivalent of substrate oxidized 


Depending on the nitrogen source, the value of AG, is 0 (ammonia), 3.25 (nitrite), 4.17 (nitrate) 
or 3.78 (N,) kcal/mol (using assumed cell stoichiometry above). 
5.12 Carried-mediated transport Suppose component A is insoluble in a membrane of thickness L, 
and that its concentrations on either side of the membrane are a, and a,. Carrier B, which exists only 
in the membrane, forms a complex AB with A at the membrane surfaces. Assuming that complex 
formation is always at equilibrium at each surface (not within membrane) and that the equilibrium * 
constants are K, and K,, what is the flux of A from side 1 to side 2 if AB has a diffusivity 2. Under 
what conditions (if any) can active transport occur? 
5.13 Growth stoichiometry and yield coefficients (a) Assuming that cells can convert two-thirds 
(wt/wt) of the substrate carbon (alkane or glucose) to biomass, calculate the “stoichiometric” coeffi- 
cients for hexadecane or glucose utilization: 


Hexadecane: 
Ci6H3, + 4,0, +a4,NH,; ——— -B;(Cy.4H13No.s6Ci-2) + B2,CO, + B3H,O0 
Glucose: 


Ce6H,,0.6 +210: + 0,NH; ————> Bi(Cy.4H7.3No.960; 2) + B,CO, + 83H20 


4 
3 
i 


w 


=~ Oo K a’ 
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(b) Calculate the three yield coefficients Y,, Yo, Ya. Note that Y, and Y, for hydrocarbon are 
below those for glucose even when identical carbon-to-biomass conversion efficiencies are assumed. 


5.14 In vitro metabolic reactions A yeast extract is incubated with 200 mmol of D-glucose, 20 mmol of 
ATP, 2 mmol of NAD- and 20 mmol of phosphate (the extract has all the enzymes needed for 
glucose conversion to ethanol). What is the glucose and ethanol content of this mixture at equi- 
librium? How can the fermentation be made to proceed to completion? 


5.15 Energetic efficiency of glucose storage in glycogen Compare the energy required to store one 
glucose molecule in glycogen with the energy obtained by subsequent degradation of that stored 
glucose by (a) fermentation or (b) respiration. From an energetic viewpoint, which conditions favor 
glycogen accumulation? 


5.16 Singular metabolic stoichiometry Measurement of the respiratory quotient [RQ; Eq. (5.51)] is 
frequently used or proposed for estimation of metabolic stoichiometric coefficients. (a) Using a quasi- 
steady-state reductance balance (this means d/NADH + H* ]/dt = 0) and the definition of RQ, deve- 
lop a system of two linear algebraic equations for the unknowns a and b which appear in Eqs. (5.53) 
and (5.54). (b) Evaluate and discuss in physical terms conditions under which the coefficient matrix in 
the equations for a and b becomes singular (i.e, has zero determinant). (c) For yeast (y = 4.14) 
growth on glucose (;, = 4.0) and ammonia (yy = 0), CO, evolution associated with biosynthesis has 
been reported to be small (o = 0.095). Calculate a and b for RQ values of 1.05 and 1.06. Comment on 
the practical utility of RQ measurements for determining metabolic stoichiometry for this system 


[12]. 
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MOLECULAR GENETICS AND 
CONTROL SYSTEMS 


The previous chapters have discussed enzyme kinetics and the overall features of 
some common cellular reaction networks. In a simpler chemical process plant, 
only a few products are synthesized, and the steady-state operation usually 
sought requires relatively minimal controls. The complex chemical plant which is 
the living cell is continually in a transient state: the cell alters the proportions of 
substrates, enzyme catalysts, RNA, cofactors, and other constituents as it pro- 
ceeds through the stages of its life cycle. Synthesis and regulation of the systems 
which control cellular dynamics are the subjects of this chapter. Important appli- 
cations of these topics occur in viral infections of cultures, natural and induced 
mutations, genetic manipulations, and the versatility with which some cultures 
utilize multiple substrate feeds. 


6.1 MOLECULAR GENETICS 


To discuss cell genetics and expression of genetic information at the molecular 
level, we must return to the composition and structure of DNA, the three RNA 
varieties, and proteins presented in Chap. 2. In order to appreciate the signifi- 
cance of the mechanisms discussed below, we should remember that proteins, 
Particularly in their role as enzymes, directly determine how the cell operates by 
determining which chemical reactions occur. Consequently, in a sense the enzyme 
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makeup of a cell defines the cell’s metabolic processes: specifying the concentra- 


tion and kinds of enzymes present determines the cell’s reaction-network charac- 


teristics. Also, other proteins in the cell serve important functions (recall Table 


2.6). Thus the inheritance which a dividing cell leaves to daughter cells must- 


include the information for directing the production of the same protein consti- 
tuents as found in the parent cell. The study of transmission of such information 
is called genetics. We shall next investigate how the nucleotide sequence in 
deoxyribonucleic acid (DNA), a nonrepetitive and therefore informational bio- 
polymer, determines the course of protein synthesis in the cell. 


6.1.1 The Processes of Gene Expression 


We already know that the DNA molecule is a very long double helix consisting 
of two chains. Both chains are polymers constructed from four nucleotides, each 
characterized by a particular nitrogeneous base: adenine (A), guanine (G), cyto- 
sine (C), or thymine (T). Moreover, the two chains in the DNA double helix have 


complementary sequences: A in one strand is always paired with T in the other, 


and G and C are likewise paired. 

A gene is a DNA segment that codes for a functional podiet Expression of 
a gene to form the amino acid sequence of the corresponding protein (the gene 
product) proceeds by a two-step process in which a corresponding messenger 
ribonucleic acid [message RNA (mRNA)] serves as an intermediate. In the first 
step of gene expression, which is called transcription, a complex oligomeric en- 
zyme called RNA polymerase catalyzes synthesis of an mRNA molecule using the 
gene as a template. The second step of gene expression uses the information 
contained in the nucleotide sequence of an mRNA molecule to direct the synthe- 
sis of a peptide chain with a corresponding amino acid sequence. This process, 
which is known as translation, involves many different components including 
ribosomes, the sites and organizers of peptide synthesis, and several different 
transfer RNA (tRNA) molecules, which bring chemically activated amino acids 
into the peptide synthesis process in the sequence prescribed by the mRNA. 
These processes as well as the genetic code which connects nucleotide sequence to 
amino acid sequence are next explained. This discussion focuses on major points 
and omits details which may be important in some situations; further reading in 
the References is highly recommended. 

Transcription begins by binding of the enzyme RNA polymerase to a signal 
sequence called a promoter on one of the complementary double strands of 
DNA. The strand possessing this enzyme binding sequence becomes the DNA 
template strand for synthesis of an mRNA molecule. After some unwinding of the 
DNA double helix in the vicinity of the RNA polymerase-DNA promoter com- 
plex, the polymerase moves along the DNA template strand in the 3’ to 5’ direc- 


tion. Using DNA-RNA base pairing rules (recall Sec. 2.3.2 or see Fig. 6.1), the’ 


nucleotide sequence in the DNA template strand is employed to construct a 
complementary nucleotide sequence in a (single-stranded) mRNA molecule. The 
mRNA being synthesized runs antiparallel to the DNA template strand; that is, 
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DNA 5' [ —l|— GCCT TTATGGAAAT TATACGTTAAAGC —i'— 3 
37 | —l|— CGGAAATACCTTTAATATGCAATTTCG —i— 5’ 


Transcription | (RNA polymerase) 


mRNA 5 — GCC-UUU-AUG-GAA-AUU-AUA:CGU-UAA -AGC-—3’ 


Pairing rules: ATC G DNA 
UAGC mRNA 


Figure 6.1 Schematic diagram illustrating transcription by RNA polymerase enzyme of the DNA 
template strand (lower strand in this illustration) to synthesize a complementary nucleotide sequence 
in the corresponding mRNA molecule. 


the mRNA is synthesized from the 5’ to the 3’ end. In the example illustrated 
schematically in Fig. 6.1, the bottom strand of DNA serves as the template. 
Transcription ceases, that is, mRNA synthesis stops, when the RNA polymerase 
enzyme reaches a nucleotide sequence in the template strand that signals for 
termination. Before turning to the next steps, we should note that RNA poly- 
merase also binds to DNA in a nonspecific fashion at sites which are not pro- 
moters. Such nonspecifically bound polymerase does not initiate or conduct 
transcription. 

The lengths of the mRNA molecules vary from about 300 nucleotide units to 
more than 3000. Often, the mRNA corresponds to one gene on the DNA chain. 
In some cases the mRNA molecule carries the genetic message from a group of 
related genes called an operon (see Sec. 6.1.4). As we noted when discussing the 
energetics of biosynthesis in Chap. 5, an RNA chain is built up by splitting 
pyrophosphate from the triphosphate form of the nucelotides. Consequently, the 
equivalent of two high-energy phosphate bonds is invested in every RNA phos- 
phodiester bond. This ensures that the synthesis reaction proceeds to “comple- 
tion” and provides us with some indication of the importance of biopolymer 
synthesis to normal cell function. 

Before reviewing the translation process, we must look more carefully at 
tRNA. It is known that each specific tRNA molecule can carry only one corre- 
sponding amino acid. Fig. 6.2 shows the secondary structure for alanine tRNA 
from yeast. Attachment of an alanyl residue to its tRNA first requires activation 
to alanyl acyl-AMP, as depicted in Eq. (5.39). The activated residue is then 
bound to this particular tRNA by an enzyme specific for both the residue and 
tRNA. This ensures that only alanine is linked to alanine tRNA. 

Now we can turn to the specificity of RNA. At the base of the lower loop of 
the tRNA molecule is a sequence of three nucleotides called an anticodon. Such a 
structure is found in all tRNAs so far studied. This anticodon base sequence 
is complementary to a three-nucleotide segment of mRNA known as a codon. 
Biochemical research has revealed that each codon is a “word” in the genetic 
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COU Solo ToN 


— m a a e m e 


3 —O© (¢)}+— 5' mRNA 
D A 7 Cod 
O Unusual bases T = Ribothymidine 


GMe = Methy! guanosine 
GMe, = Dimethyl guanosine 
IMe = Methyl inosine 


W Pseudouridine 
I = inosine 
UH, = Dihydrouridine 


Figure 6.2 The anticodon of alanine tRNA recognizes the complementary three-base codon in 
mRNA. (Reprinted by permission from J. D. Watson, “Molecular Biology of the Gene,” 2d ed., p. 361, 
W. A. Benjamin, Inc., New York, 1970.) 


message; each codon specifies one amino acid. Since there are only four letters in 
the chemical alphabet of RNA (the four bases A, C, G, U) and there must be at 
least 20 words (one for each amino acid), a language or code is required for 
transmission of genetic information. Amazingly enough, the genetic code has been 
completely deciphered; further, it appears to be essentidily universal in all living 
organisms —microbe, plant, and animal (Fig. 6.3). 
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second 
first U C A m aG third 
Phe Ser Tyr Cys U 
i | Phe Ser Tyr Cys C 
Leu Ser Stop Stop A 
. Leu Ser Stop Trp G 
Leu Pro His Arg U 
c Leu Pro His Arg C 
Leu Pro Gln Arg A 
Leu Pro Gln Arg G 
lle Thr Asn Ser U 
r | Ile Thr Asn Ser C 
Ile Thr Lys Arg A 
Met Thr Lys Arg G 
Val Ala Asp Gly U 
G Val Ala Asp Gly C 
Val Ala Glu Gly A 
Val Ala Glu Gly -G 


Figure 6.3 The genetic code. Three codons (Stop) mean stop synthesis of the peptide chain. Examina- 
tion of this chart reveals that change in one base (especially the third) in a codon often gives a similar 
amino acid, a “fail-safe” feature. 


To begin the translation process, the smaller of the two ribosome subunits 
binds to the mRNA molecule at a specific sequence called the ribosome binding 
site. This site is generally located a characteristic distance, which differs between 
procaryotes and eucaryotes, “upstream” from the AUG codon which almost 
always begins the polypeptide coding sequence. Here the term “upstream” means 
that the site is in the 5’ direction relative to the AUG codon. Starting from the 
AUG codon and proceeding in the 5’ to the 3’ direction is the sequence of codons 
which specifies the amino acid sequence of the polypeptide. 

After the mRNA has formed a complex with the complete ribosome, tRNAs 
carrying the amino acids corresponding to the first two mRNA codons are at- 
tached to the complex. With the amino acid sequence arranged, a peptide bond is 
formed between the carboxyl group of the first amino acid and the amino group 
of the second. The ribosome then shifts in the 3’-direction by one codon, and 
tRNA for the first amino acid is released. The third amino acid, carried by its 
tRNA, then binds to the complex with subsequent attachment to the elongating 
peptide chain. This polypeptide elongation process (Fig. 6.4) continues until a 
stop codon is encountered (see Fig. 6.3), at which point the polypeptide is re- 
leased and the ribosome and mRNA separate. The first amino acid residue is on 
the amino-terminal end of the polypeptide, and the last amino acid residue added 
is on the polypeptide’s carboxyl terminus. l 

A different view of translation which focuses on the transmission of informa- 
tion from the mRNA nucleotide sequence to the corresponding polypeptide 
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Figure 6.5 Schematic illustration of the translation at the ribosome of nucleotide sequence informa- 


tion in mRNA into the amino acid sequence of the corresponding polypeptide. This is the same 
mRNA as shown in Fig. 6.1. 


amino acid sequence is given in Fig. 6.5. Here, the hypothetical mRNA obtained 
by the transcription process in Fig. 6.1 is translated to yield the corresponding 
polypeptide. Notice the role of AUG both as an indicator of where the coding 
sequence for the protein starts and as an instruction to install methionine (met) at 
the amino terminus of the polypeptide. Also notice that the mRNA is not all 
protein-coding information. The ribosome binding site which precedes the coding 
sequence has already been mentioned; other sequences, including coding se- 
quences with another set of “start” and “stop” codons, may lie downstream (in 
the 3’ direction) from this coding region. 

A second summary of the expression process, reviewing and emphasizing the 
control elements, is worthwhile since proper orchestration of these controls is 
essential for success in recombinant DNA technology. An overall schematic of 
expression which tracks the transmission of genetic information and the func- 
tions of control sequences is shown in Fig. 6.6. At the outer flanks of the gene are 
the promoter and terminator sequences which control initiation and termination 
of transcription. The DNA must also contain the translation control signals 
(ribosome binding site, start and stop codons) so that these can be transcribed 
into the mRNA. Finally, during translation, the portion of mRNA comple- 
mentary to the structural gene, which contains the code for a particular amino 
acid sequence, is employed to guide polypeptide synthesis. 

Often more than one ribosome is attached to a single mRNA chain at a 
time. Polyribosomes are clusters containing several individual ribosomes. This 
arrangement, which can be highly organized, permits simultaneous translation of 
information carried by different portions of mRNA and thus lends speed and 
efficiency to protein synthesis. 

The molecules of tRNA and ribosomal ribonucleic acid (rRNA), like mRNA, 
are synthesized using a portion of the DNA chain as a template. Thus, the 
information carried by DNA includes the structure of the translation devices for 
protein synthesis as well as the coded information for protein primary structure. 

We should recall at this point that the interactions between the amino acids 
in the resulting sequence determine (Sec. 2.4) secondary, tertiary, and even the 
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Figure 6.6 The control and information sequences in DNA guide the transcription and translation 
processes which result in gene expression. 


quaternary structure of proteins. The importance of weak interactions between 
atoms at all stages of genetic information storage, transmittal, and action should 
now be apparent. 

Before discussing how genetic information is passed from generation to gen- 
eration and how this process can be disturbed, we should recognize that the 
protein-synthesis mechanisms of eucaryotes and procaryotes are different. Syn- 
thesis of mRNA and translation of mRNA to proteins on the ribosomes occur at 
almost the same point within the nuclear region of the bacterial cell. In eucary- 
otes transcription occurs in the nucleus. The mRNA molecules, after modifica- 
tions discussed next, diffuse through pores in the nuclear membrane into the 
cyctoplasm where, at the ribosomes, translation is accomplished. In eucaryotes 
and to a lesser degree in procaryotes, the translation product is frequently modi- 
fied to give the final, functional form of the molecule. Posttranslational modifica- 
tion of proteins is considered in Sec. 6.1.3. Finally, we should note that timing of 
the various events involved in protein synthesis is different in eucaryotes and 
procaryotes. More on this will follow in Sec. 6.5. 


6.1.2 Split Genes and mRNA Modification in Eucaryotes 


Eucaryotic messenger RNA is modified at the 5’ end to add a structure called a 
cap which helps stabilize the mRNA. against attack by phosphatases and nucle- 
ases. Attached at the 3’ end of most mRNAs in eucaryotes are poly A tails which 
contain 150 to 200 residues of deoxyadenylate. This property can be used to 
advantage to isolate eucaryotic mRNAs using a columnfi-packed with particles to 
which poly T oligonucleotides are covalently attached. 
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It is now conclusively established that many eucaryotic genes are mosaics of 
nucleotide sequences which code for protein structure and of sequences which do 
not. Sequences of the former class are sometimes called exons. The interjected 
noncoding sequences are designated introns or intervening sequences (IVS). As the 
name implies, intervening sequences are found between exons, separating protein 
synthesis coding sequences with what appears superficially to be useless informa- 
tion. Clearly, eucaryotic cells must have mechanisms to ensure that exons and 
introns are identified and distinguished during gene expression so that only the 
exon sequences are ultimately employed to direct translation. l 

The basic features of eucaryotic gene structure and expression are illustrated 
in Fig. 6.7. At the top of the diagram we see a hypothetical segment of a eucary- 
otic structural gene with exon and intron domains. During transcription, the 
DNA template strand guides synthesis of an mRNA (the primary transcript) 
which is complementary to the complete template. That is, both the exon and 
intron sequences are transcribed into this mRNA. 

Next follows a number of splicing steps, apparently unique to eucaryotes, in 
which the regions in the primary transcript derived from the introns are clipped 


Expressed Intervening 
sequence sequence 
(Exon) (Intron) DNA 


4] GTCATCCTGA 


ATC | CAGTAGGACT 


Primary 
transcript 


Translation 


(METXTYRYGLYXHISXPHE) Stop PEPTIDE 


Figure 6.7 In eucaryotic gene expression, the primary transcript mRNA is spliced to obtain the 
mature mRNA which is translated. An abbreviated hypothetical example is shown here. 
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out. The remaining regions, all complementary to exon sequences, are spliced 
together in the same order as found in the primary transcript. The mature mRNA 
which results may then be translated as described above to give the protein gene 
product. . 

According to currently available data, the assumption that almost all eucary- 
otic genes contain introns is a useful. working hypothesis.-Some exceptions are 
known and include the human «-interferon genes. Introns can be very large, and 
the total amount of intron DNA in eucaryotes is probably more than one-half of 
the cell’s total DNA. 

The biological function of intervening sequences remains somewhat obscure 
as of this writing. These regions may participate in regulation of eucaryotic gene 
expression. On a much longer time frame, introns may provide a mechanism for 
relatively large-scale changes in genes by adding or deleting an entire exon or 
intron sequence. It has been proposed that exons may code for protein subdo- 
mains and that shuffling exons thereby might provide a useful mechanism for 
cells to make and thereby evaluate the utility of new proteins. For technological 

purposes, introns pose problems in expressing eucaryotic genes in procaryotic 
hosts, since procaryotes do not have an RNA splicing apparatus. We shall see 
how this difficulty can be circumvented in our overview of recombinant DNA 
technology in Sec. 6.3. 


6.1.3 Posttranslational Modifications of Proteins 


The polypeptide produced by mRNA translation is often not the final, biologi- 
cally active form of the molecule. The N-terminal methionine is sometimes re- 
moved. Two cysteine residues may be oxidized to give a disulfide bond which 
can be a significant factor in protein tertiary structure as discussed in Chap. 2. 
Attachment of carbohydrate moieties to the side chains of asparagine, serine, and 
threonine yields glycoproteins. Other types of polypeptide chemical modifications 
include hydroxylation, phosphorylation, and acetylation. 

Some polypeptides have at their N terminus a short (15-30 residues) se- 
quence of hydrophobic residues. These signal sequences are important compo- 
nents in protein transport across cell membranes. Secreted proteins generally 
contain such signal sequences. We attach the prefix “pre-” to the name of a 
protein to indicate the form which includes the signal sequence (for example, 
prelysozyme). Before the preprotein has crossed the membrane, its signal se- 
quence is removed to give the mature protein (lysozyme for this example). 

Proteins may contain other amino acid sequences which are cleaved away to 
yield the active form of the molecule. This device and the protein secretion pro- 
cess just outlined allow the cell to compartmentalize protein synthesis and activa- 
tion of different specific proteins at different locations within or outside the cell. 
Preproinsulin, for example, has a 24-residue signal sequence at its amino termi- 
nus followed by 21 residues called the B chain, then by 21 residues called the C 
chain, and finally 30 residues of the A chain at the carboxy terminus. The signal 
sequence is cleaved during secretion leaving proinsulin (A-C-B chains) which is 
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further cleaved enzymatically to obtain insulin which consists of the A and B 
chains connected by two intrachain disulfide linkages. The A and B chains in 
insulin are not connected by any peptide bonds (Fig. 6.8). 


6.1.4 Induction and Repression: Control of Protein Synthesis 


That living cells possess intricate control systems to ensure efficient use of mate- 
rial and energy resources is already known to us. We have previously explored 
how activation and inhibition of enzyme activity by metabolites helps channel 
these intermediates through the complex network of cellular reactions. In this 
section, we explore another level of control, which must be carefully distinguished 
from those discussed earlier. Activation and inhibition influence the catalytic activ- 
ity of enzymes already present in the cell, but they do not alter the amount of 
enzyme present. Thus, these control modes operate at the enzyme level. Induction 
and repression, the control devices of interest now, cause change in the rates of 
protein sythesis (and consequently in the amount of enzyme present) and act at 
the level of the gene. Perhaps the greatest similarity between these two kinds of 
controls is their sensitivity to the concentration of relatively small molecules. 

We shall concentrate here on genetic-level controls of protein synthesis in 
bacteria because the molecular mechanisms are best understood for these organ- 
isms. Analogous controls are found in higher cells which also possess additional, 
less well understood regulatory systems which govern cell differentiation in the 
development of the organism. 

Before delving into the details of the mechanisms, it may be helpful to place 
protein synthesis regulation in microbiological perspective. We should recall 
from Chap. 1 that bacteria are free-living, isolated cells which consequently have 
almost no influence on their external environment. Therefore, they must be very 
adaptable: it may be essential for their survival that they function efficiently in 
variable surroundings. 

Many bacteria indeed possess such versatility. They can synthesize enzyme 
systems for effective utilization of many different types of nutrients. An extreme 
example is the bacterium Pseudomonas multivorans which can utilize as its sole 
source of carbon more than 90 different compounds including carbohydrates and 
carbohydrate derivatives, fatty acids, dicarboxylic and other organic acids, pri- 
mary alcohols, amino acids and other nitrogenous compounds, and ring com- 
pounds such as phenol. Different enzymes are generally required for each 
nutrient. Consequently, the bacterium must carry genetic information for them 
all. The sum total of all information carried in the chromosomes is called the 
cell’s genotype. 

However, such a bacterium will not require the same mix of enzymes for all 
these nutrients, and synthesis of any extra protein represents a waste of valuable 
energy and intermediary metabolites. Thus, for maximum efficiency in a particu- 
lar environment, only a portion of the total genetic information is expressed 
(actually synthesized) as protein. The term phenotype denotes the observable 
features of 'an organism. In view of the previous comments, the phenotype arises 
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from a combination of two factors, the genotype and the organism’s environ- 
ment. Constitutive enzymes are synthesized independent of the cell's Surroundings. 

The biosynthesis rates of inducible enzymes, however, are sensitive to envi- 
ronmental influence. A common example is f-galactosidase synthesis. This 
enzyme catalyzes the hydrolysis of the disaccharide lactose to its component 
monosaccharides, glucose and galactose. The reaction is essential if the cell is to 
employ lactose as a nutrient since only the hydrolysis products can be used in 
subsequent reactions. The E. coli bacterial cell regulates synthesis of B-galacto- 
sidase in response to the need for this enzyme. As the lactose concentration in the 
medium increases from zero, larger amounts of the enzyme are produced up toa 
maximum, fully induced level (Fig. 6.9). Thus, the substrate induces the formation 
of the enzyme. 

An analogous situation arises with the repressible enzymes. For example, 
although E. coli can make all the enzymes necessary to synthesize all 20 amino 
acids from simpler precursors, these particular enzymes are not found in signifi- 
cant quantity when the amino acids are supplied to the cell as nutrients. In this 
instance the end product of a biosynthetic pathway represses synthesis of the 
enzymes for that pathway. This phenomenon is demonstrated in Fig. 6.9 using 


‘histidine synthesis as an example. 


Useful models for induction and repression, developed by Monod and his 
coworkers in France, are given in Fig. 6.10, which reveal the basic similarities of 
the two mechanisms. Both regulate gene expression at the level of transcription. 
In both, a regulator gene produces a protein which interacts with a specific 
operator DNA sequence. If the modulator is bound to the operator sequence, 
RNA polymerase does not bind to the promoter. Transcription is blocked, and 
the structural gene is not expressed. 

The regulator gene in the induction model (Fig. 6.10a) produces a repressor 
molecule which can prevent enzyme production. When the inducer is present, it 


Figure 6.9 Cell content of $- 
galactosidase increases with in- 
creasing concentration of inducer 
(lactose) in the growth medium. 
Increased: medium concentra- 
tion of a repressor (histidine) 
decreases cellular content of 
enzymes catalyzing repressor 
biosynthesis. (Reprinted by per- 
mission from J. D. Watson, “ Mo- 
lecular Biology of the Gene,” 2d 
Be ed., p. 439, W. A. Benjamin, Inc., 
Amount of inducer (lactose) or end product (histidine) New York, 1970.) 
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Figure 6.10 (Left) An inducer (for example galactose) acts by inactivating repressor so that the 
repressor does not bind to the operator sequence and block transcription of the structural gene for £- 
galactosidase, for example. (Right) A (co-) repressor (e.g., histidine) combines with an aporepressor to 
form an active repressor, which can block expression of the structural gene by binding at the opera- 
tor. In this manner synthesis of repressible enzymes is controlled. [Adapted from A. L. Demain, 
Theoretical and Applied Aspects of Enzyme Regulation and Biosynthesis in Microbial Cells, in L. B. 
Wingard, Jr. (ed.), “ Enzyme Engineering,” Interscience, New York, 1972. j] 


binds with the repressor to form an inactive complex, which does not interfere 
with subsequent DNA transcription. In the repression model of Fig. 6.10b, the 
regulator gene must complex with another molecule to yield a repressor. Without 
the corepressor (histidine in the example above), enzyme synthesis proceeds. 

Such regulated promoters may simultaneously control synthesis of several 
enzymes. For example, when production of B-galactosidase is induced, so are two 
other proteins. One of these is a galactoside permease, which participates in 
active transport of B-galactosides. Obviously, there is a logical connection be- 
tween the functions of these two proteins, and coordinating their biosynthesis 
therefore makes good sense. Such a collection of several genes which are regu- 
lated together is called an operon. The System just mentioned is the lac operon. 
Quantitative mathematical analysis of the regulatory properties of the lac pro- 
moter-operator is considered later in Sec. 7.5.3. 

Although this discussion has emphasized regulation of bacterial enzyme syn- 
thesis, similar mechanisms apply for control of synthesis of other proteins in 
bacteria and in higher cells. We should be aware in a general sense that the set of 
proteins synthesized by cells and the associated biological and catalytic activities 
can and often do change in response to changes in the cell’s environment. This 
adaptation ability poses problems in formulation of kinetics for cell reactions and 
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in bioreactor design which are unparalleled in reaction engineering for synthetic 
catalysis. 

There are several variations of these themes of genetic level control. While we 
cannot pursue them all, catabolite repression should be mentioned. If E. coli 
bacteria are cultivated in a medium containing glucose and a less easily metabo- 
lized carbon source such as lactose, the giucose is preferentially consumed. Under 
these circumstances lactose does not induce f-galactosidase. In the cell growing 
rapidly on glucose, formation of cyclic AMP is inhibited. Cyclic AMP (Fig. 2.8) 
levels influence promoter activity in the lac operon, such that induction is 
blocked or moderated when intracellular cyclic AMP levels are low. Since the 
amount of cyclic AMP is reduced by catabolic products of glucose, this control 
action is called catabolite repression. 

It should be emphasized that catabolite repression can occur in the absence 
of glucose. Typically, a bacterium growing in a mixture of carbon sources will 
selectively utilize the best (the one that gives the fastest growth rate) and 
catabolically repress utilization of the less useful nutrients. What would happen 
when the first carbon source is exhausted? (See Chap. 7, fermentation kinetics). 

Catabolite repression also plays a central role in product synthesis. Often, if 
cells are growing rapidly, the enzymes required for production of secondary 
metabolites are not synthesized. This poses interesting challenges and important 
opportunities for the biochemical engineer: what are the medium design and 
process operating strategies which can minimize catabolite repression and maxi- 
mize secondary metabolite accumulation? Answers to this question will be dis- 
cussed in Chaps. 7. 9, and 10. 


6.1.5 DNA Replication and Mutation 


Since DNA contains the information required for proper development and func- 
tion of the living cell, it is essential that there be an almost foolproof mechanism 
for copying DNA. When a cell reproduces, each of the offspring must receive a 
complete set of genetic data in the form of DNA. We have already noted that the 
double-helical model of DNA structure provides a ready hypothesis for faithful 
reproduction of the molecule (Fig. 6.11). After the original strands unwind, new 
complementary chains are assembled, so that ultimately two intact DNA mole- 
cules result. As a result of this scheme, each offspring molecule contains one 
nucleotide chain from the parent molecule. This presumably helps minimize 
errors in the replication process. 

Actually, DNA replication occurs in a slightly more complex fashion than 
indicated in Fig. 6.11. It is not built up in one continuous sequential pass; instead 
an enzyme called DNA polymerase conducts synthesis of daughter strands in the 
5’ — 3’ direction. This proceeds relatively smoothly on the parental strand run- 
ning 3’ + 5’. On the other parental strand, DNA polymerase adds fragments of 
the daughter strand in the 5’ — 3’ direction which.are then covalently coupled by 
the enzyme DNA ligase. This device achieves overall daughter strand synthesis in 
the 3’ > 5’ direction. 
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Figure 6.11 A simplified diagram of 
DNA replication. As the parent 
strands separate, complementary 
strands are added to each parent, re- 
sulting in two daughter molecules 
identical to the parent. Notice that 
each daughter molecule contains 
one strand from the parent. (From 
“Cell Structure and Function,” 2d ed., 
Cœ Guanine p, 145, by Ariel G. Loewy and Philip 
==> Cytosine Siekevitz, Copyright © 1963, 1969 
amm Adenine by Holt, Rinehart and Winston, Inc., 
== Thymine Reprinted by permission of Holt, 
Rinehart and Winston.) 


We shall next briefly outline some differences in DNA storage and duplica- 
tion between procaryotes and eucaryotes. In the ill-defined nuclear region of 
procaryotes, there is a single chromosome, or carrier of genetic information, which 
consists of a circular double strand of DNA. This huge molecule is 1.2 mm long, 
about 20 angstroms thick, and has molecular weight on the order of 2.8 billion. 
This provides enough storage capacity to code for about 2000 different proteins. 
The circular nature of E. coli DNA was first demonstrated by genetic studies 
aimed at finding the relative position of the genes. A chromosome in eucaryotes 
consists of a DNA molecule associated with proteins and possibly some RNA. As 
Table 6.1 reveals, eucaryotic cells typically contain several chromosomes. Some 
eucaryotes, such as yeasts, may be either haploid (each chromosome present 
once) or diploid (each cell contains two of each chromosome except possibly sex). 

A mutation is a change in DNA which is passed to succeeding generations. In 
molecular terms, mutation involves an alteration in the nucleotide sequence of 
DNA. Several possibilities are given in Fig. 6.12. To some extent, mutation is a 
Spontaneous process which is constantly occurring. The rate of spontaneous 
mutation is rather low, however. A typical value is } error for every 10° gene 
duplications. 

The importance of a gene-copying error depends on its nature. In missense 
mutation, a codon for one amino acid is altered so that a different amino acid is 
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Table 6.1 Normal chromosome number in 
various species 


Species Number 


Procaryotes (haploid) 
Bacteria i 


Eucaryotes (diploid) 


Red clover 14 
Honeybee 16 
Baker’s yeast 
(Saccharomyces cerevisiae) 17 
Frog 26 
Hydra 30 
Cat 38 
Rat 42 
Man i 46 
Chicken 78 
Wild-type gene 
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Figure 6.12 Different types of mutation in the base pair sequence. of a DNA molecule. 
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inserted into the protein. This type of mutation leads, for example, to the abnor- 
mal hemoglobin characteristic of sickle-cell anemia in human beings. In this 
instance the abnormal protein contains Val instead of Glu. Referring to the 
genetic code in Fig. 6.3, we see the codons GAA and GAG code for Glu while 
valine is called for by the codons GUA and GUG. Apparently then, the switch of 
one base pair in a human chromosome can lead to serious genetic disease. Other 
alterations in codons can give rise to stop codons and cause premature termina- 
tion of peptide synthesis; they are known as nonsense mutations. 

There are several postulated mechanisms for spontaneous mutation. First, 
the nucleotide bases of DNA have several different structural forms, known as 
tautomers. Although the configurations given in Fig. 2.7 are believed to predom- 
inate, shifts to other tautomeric forms could cause errors in base pairing. An- 
other possible cause of spontaneous mutation is interference with the enzymes 
necessary for DNA synthesis and repair. Finally, some intermediates of normal 
cellular metabolism, e.g., peroxides, nitrous acid, and formaldehyde, are mutagens, 
i.e., chemicals which interfere with DNA function. 

The action of chemical mutagens on DNA has been widely studied by grow- 
ing cells in environments rich in such agents. Among the several classes of known 
mutagens are base analogs, which are compounds with structures similar to the 
bases normally found in DNA. Consequently, the analogs rather than the proper 
bases may be incorporated during synthesis of a DNA chain. Other types of 
mutagens and their mode of interference are listed in Table 6.2. 

Another common cause of mutation is radiation. In particular, ultraviolet 
light is strongly absorbed by DNA, to such an extent that exposure to ultraviolet 
light rapidly kills most cells. The surviving cells exhibit a high rate of mutation. 
All cells possess enzymatic machinery to repair DNA occasionally damaged by 
ultraviolet light. These repair enzymes, in a rather elaborate process, replace the 
damaged segment, which contains covalently linked pyrimidine residues. 

The phenomenon of mutation occupies several important niches in biochem- 
ical engineering practice. Returning to Fig. 1.10, we recall how mutations in 
microorganisms can improve them for our use. Thus, mutagens and exposure to 
ultraviolet light have been employed in attempts to obtain mutated, more pro- 
ductive protists. Essential in any strain-development activities are effective means 
for identifying and isolating mutants with specific characteristics. Table 6.3 sum- 
marizes some of the basic techniques for this purpose. Other methods for genetic 
manipulation of production organisms are discussed in Sec. 6.2 and 6.3. 


Table 6.2 Chemical mutagens and their mode of action! 
mee 


Chemical agent Mutagenic effect 

Base analogs Incorporation into DNA in place of natural bases 
Nitrous acid Deamination of purine, pyrimidine bases of DNA 
Proflavin, acridine orange Intercalation between stacked bases of DNA 
Alkylating agents Depurination of DNA 


yore 
* Adapted from R. Y. Stanier, M. Doudoroff. and E. A. Adelberg, The Miero- 
bial World, p. 418. Prentice-Hall, Inc.. Englewood Cliffs, N.J., 1970. 
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Table 6.3 Methods for detection and selection of different bacterial mutantst 
a ee ea 


Type of mutant 


Selection methods 


Detection 


oo 


Able to use as carbon 
source a compound 
not utilizable by the 
wild type 

Resistant to inhibitory 
chemical agents, such 
as penicillin, 
streptomycin, 
sulfonamides, dyes 

Resistant to 
bacteriophage 


Auxotrophic 
(requirement for one 
or more growth factors 
not required by wild- 


type cells) 


Unable to ferment a 
given sugar 


Temperature-sensitive 
DNA synthesis 


Sensitive to ultraviolet 
irradiation (unable to 
repair ultraviolet-light 
damage) 


° 


Plate on agar containing the 
compound in question as the only 
available carbon source 


Plate on agar containing the inhibitor 


Plate on agar previously spread with a 
suspension of phage 


Incubate in growth medium lacking 
the growth factor in question but 
containing penicillin; wild-type cells 
multiply and most are killed; 
auxotrophic mutants are unable to 
multiply without the growth factor 
and survive (penicillin kills only 
actively growing cells) 


Apply penicillin technique as above, 
using sugar in question as only 
fermentable carbon source 


Incubate cell suspension at 42°C for 
15 min, add 5-bromouracil (5-BU), 
and continue incubation an 
additional 60 min; irradiate with 
light of 310 nm wavelength (cells 
that have incorporated 5-BU into 
their DNA are killed; cells that 
have failed to replicate their DNA 
at 42°C are spared) 

Infect culture with ultraviolet-light- 
inactivated bacteriophage; normal 
cells repair the ultraviolet-light 
lesions of the phage and are 
subsequently killed by the phage; 
repair-deficient cells are spared 


Plating method is 


absolutely selective: only 
the desired type will form 
colonies 


Plating method is 


absolutely selective; only 
the desired type will form 
colonies 


Plating method is 


absolutely selective; only 
the desired type will form 
colonies 


Plate on agar lacking the 


growth factor; mark the 
few wild-type colonies 
that appear, then add 
layer of agar containing 
growth factor; 
auxotrophs form colonies 
only after addition of 
growth factor (delayed- 
enrichment method) 


Plate on agar containing 


sugar in question, plus 
chemical indicator that 
changes color in the 
presence of fermenting 
cells, e.g., acid-base 
indicator; mutant 
colonies appear a 
contrasting color 


Test colonies for ability to 


grow at 42°C, e.g., by 
replica plating 


Make suspensions from 


isolated colonies, 
measure survival at 
several ultraviolet light 
doses 


rr rn 


* R. Y. Stanier, M. Doudoroff, and E. A. Adelberg, The Microbial World, 3d. ed., p. 450, Prentice- 
Hall, Inc., Englewood Cliffs, N.J., 1970. 
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On the other hand, mutations can create processing difficulties. Successful 
operation of a microbial reactor often requires the availability of a pure strain of 
microorganisms with known characteristics. Consequently, stock cultures of the 
needed microbe must be maintained. Degradation of these cultures by mutation 
is always a possibility, so that regular testing of the stock is necessary to preserve 
its integrity. Other practical problems concerned with mutations and other types 
of genetic instabilities will be explored in the following chapters 


6.1.6 Overview of Information Flow in the Cell 


A familiar cliché asserts that one picture is worth a thousand words. Figure 6.13 
proves the point: here in one compact schematic many of the cell’s control and 
information-carrying channels are summarized. Their interrelationships are 
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Figure 6.13 A hierarchy of control and information transmittal and processing systems is evident in 
this schematic illustration of information flow in the cell. (From “Cell Structure and Function,” 2d ed. 
p. 31, by Ariel G. Loewy and Philip Siekevitz. Copyright ©: 1963, 1969 by Holt, Rinehart and Winston. 
Inc.. Reprinted by permission of Holt, Rinehart and Winston. } p 
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clearly revealed. Notice that a type of cascade control is embodied here: activa- 
tion and inhibition (at the enzyme level) allow rapid adjustment to short-term 
changes in the cells chemical balance, whereas induction and repression (at the 
gene level) readjust the entire metabolic pattern when a long-term disturbance in 
the cell’s environment appears. 


6.2 ALTERATION OF CELLULAR DNA 


In addition to mutation, a variety of processes change the genetic material within 
a cell. These have both positive and negative implications from the standpoint of 
industrial biotechnology. From the former perspective, any method for altering a 
cells DNA content provides an opportunity for development of more productive 
strains. On the other hand, an unplanned modification of a desired species’ DNA 
can cause expensive failures of industrial bioprocesses. 

Much of what follows pertains only to bacteria, E. coli serving as the subject 
of most research on these topics. Cell fusion methods for genetic modification are 
summarized below, and Sec. 6.4 is devoted to recombinant DNA techniques and 
their application. We shall not discuss here the elaborate and complex processes 
of sexual recombination which operate in many eucaryotic organisms. A brief 
introduction to this topic within the context of commercial microbes is provided 
in Elander [4]. 


6.2.1 Virus and Phages: Lysogeny and Transduction 


We know that viruses are agents of human disease such as common colds, in- 
fluenza, smallpox, polio, yellow fever, mumps, measles, and many other ailments. 
Also, several commercial biological processes employing bacteria (including 
cheese-making and antibiotic production) can be severely disrupted by viral in- 
fection of the bacteria. The subgroup of viruses which infect bacteria are called 
bacteriophages or just phages. 

Viruses are constructed of protein and nucleic acid and also may include 
lipoproteins. The function of the protein is to house and protect the nucleic acid 
viral component and sometimes to attach the virus to a living cell. The nucleic 
acid component, which may be either DNA or RNA, is ultimately responsible for 
the infection and its aftermath. In Table 6.4 the diverse properties of several 
viruses are summarized; the viral nucleic acid may be single-stranded or double- 
stranded and is often circular. 

Outside a living cell of the proper type, the virus is an inert particle which 
cannot reproduce by itself. Multiplication of the virus occurs after it has infected 
a host cell. Thus, viruses are parasites. A brief summary of the basic differences 
between viruses and living cells is provided in Table 6.5. 

Next we shall consider the typical “life cycle” of a virus using as an example 
the virus called phage 4, which infects the E. coli bacterium. After attaching to the 


Table 6.4 Characteristics of several kinds of viruses* 


Type of virus 


Animal: 
Cubic symmetry: 
Poliomyelitis 


Helical symmetry: 
Influenza 


Plant: 
Rods: 
Tobacco mosaic 


Sphere: 
Tomato bushy 
stunt 


Insect: 
Silkworm 


Bacteriophages: 
Double-stranded: 
DNA 
T-even of E. coli 
Head: 
Tail: 
Tail fibrils: 
Single-stranded: 
DNA 
$X174 of E. coli 


RNA 
f2 of E. coli 


Size, nm 


30 


100 


300 x 15 


30 


280 x 40 


90 x 60 
100 x 25 
130 x 2.5 
22 


20 


Shape, composition, and comment 


Consists of 1 molecule RNA (mol wt 2 x 10°) ina spiral, 
surrounded by protein macromolecules 6 nm diam. 
arranged as an icosahedron with no retaining membrane; 
particle mol wt 10 x J06 


Consists of 1 molecule RNA (mol wt 2 x 10°) as a 
nucleoprotein macromolecule arranged in a helix, the 
whole coiled and enclosed in a lipoprotein sheath; particle 
mol wt 100 x 10° 


Whole virus particle rod-shaped, consisting of 1 molecule 
RNA (mol wt 2 x 10°) associated with protein 
macromolecules arranged in a helix; particle mol wt 
39 x 106 


Icosahedron, consisting of 16% RNA (mol wt 1.6 x 10°) 
and protein; particle mol wt 9 x 10° 


Actual virus rod-shaped; DNA constitutes about 8% of dry 
weight, but in vivo the virus rods are embedded in 
polyhedral crystalline aggregates of protein 0.5-15 um 
diameter 


Tadpole-shaped phage with DNA (mol wt 130 x 10°) 
confined to head; the protein (some contractile), long tail 
fibrils involved in attachment to host cell; particle mol wt 
250 x 10° 


Dodecahedron with 12 subunits; DNA (mol wt 1.6 x 10°) 
25°% dry weight; particle mol wt 6.2 x 10° 

Polyhedron containing RNA (3 x 107+? yg/virus) and 
protein; nucleic acid content probably similar to that of 
oX174 


"S. Aiba, A. E. Humphrey, and N. F. Millis, Biochemical Engineering, 2d ed., p. 19, Academic 
Press. Inc., New York, 1973. 


328 


on Aam © M nt FEA F o t a 


N 


O. A 


2 O m 


ry 


tail 
i wt 


demic 


MOLECULAR GENETICS AND CONTROL SYSTEMS 329 


Table 6.5 Viral vs. cellular characteristics 


eee 


© Virus Cell 
Only one kind of nucleic acid Contains DNA and RNAs 
Contains only a few enzymes Contains thousands of enzymes 
Reproduced by assembly of nucleic acid and protein Reproduces itself in orderly, 
components synthesized by host cell controlled fashion 


cell wall, the phage injects its DNA into the cell’s interior. At this point two 
alternative courses are possible. One option is a state of lysogeny, where the 
phage DNA, now called the prophage, is integrated into the bacterial chromo- 
some. If this occurs, the cell lives and reproduces normally, at the same time 
copying the prophage and creating more lysogenic cells. Phages, like 4, which can 
enter into a lysogenic relationship with their hosts are called temperate phages. 

The other possible outcome of temperate-phage infection, called the lytic 
cycle, invariably kills the host cell. The lytic cycle always results from infection by 
lytic phages such as phage T,. During the lytic cycle the phage is said to be in a 
vegetative state: the phage DNA literally takes over control of the cell. It first 
directs the ribosomes to synthesize enzymes which destroy the host cell’s DNA 
(this is not a universal feature of viral infections, however) and which will mul- 
tiply the phage DNA. Then the protein components necessary to create an intact 
phage particle are synthesized. These proteins spontaneously join with phage 
DNA to form complete, highly organized bacteriophage particles. After this self- 
assembly of many new phages, the enzyme lysozyme is synthesized. As we have 
already learned, this enzyme. attacks the murein cell wall of bacteria. Subse- 
quently, lysis occurs; the cell breaks apart, freeing many phage particles. 

From this brief survey it should be clear why phage infestation of commer- 
cial cultures can be a serious problem. The phage particles are very small, they 
can multiply rapidly in the right environment, and they can hide in the relatively 
dormant state of lysogeny. 

Occasionally, during reproduction of the phage within its host, some phage 
particles are formed which contain a small portion (+1 to 2 percent) of the host 
cell’s chromosome. When one of these transducing phages injects its DNA into 
another bacterium, the DNA derived from the first host may cross over with a 
fragment of the new host’s chromosome. In this process, called transduction, the 
genetic characteristic of the new host may be altered. Crossing-over generally 
occurs only between DNA segments which contain homologous nucleotide sé- 
quences and which govern similar characteristics. For example, a transducing 
phage could carry a small DNA fragment permitting lactose utilization from a 
lactose-metabolizing E. coli strain to an E. coli strain unable to use lactose. 
Figure 6.14 provides a simplified schematic illustration of transduction as well as 
crossing-over of DNA segments. 

Transduction is known to occur with many actinomycetes. In one study 
involving Streptomyces griseus, phage transferred the ability to synthesize the 
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(a) Phage infects host cell AN 


(b) Small fraction of phages formed after 
infection carry a fragment of the 
host chromosome: phages 
released on cell lysis 


(c) Phage containing bacterial chromosome 
fragment infects another cell 
td) Phage-carried bacterial DNA segment 
crosses over with homologous segment 


Figure 6.14 Schematic diagram of bacterial chromosome modification via transduction, a process 
mediated by bacteriophage. 


(e) Genetically modified bacterium 


antibiotic streptomycin from a producing to a nonproducing strain. Some of the 
transduced variants produced more of the drug than the original synthesizing 
strains. 


6.2.2 Bacterial Transformation and Conjugation 


Transformation is a process of genetic transfer by free DNA. Here a double- 
stranded DNA fragment enters recipient cells which, because of their physiologi- 
cal state, are competent to take up external DNA. If the transformed fragment is 
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similar to a fragment of the recipients DNA, alteration of the recipient chromo- 
some by crossing-over occurs rapidly. 

Besides chromosome fragments, plasmids may be introduced into fiving 
bacteria by transformation. We recall from Sec. 2.3 that a plasmid is a DNA 
molecule that is separate from the bacterial chromosome and duplicates 
independently. Plasmids are typically relatively small circular molecules with 
molecular weights of the order of 10° to 10° (see Fig. 6.15). Transformation by 
plasmids is an integral part of the technique for DNA manipulation discussed in 
Sec. 6.3. 

While usually nonessential for normal cell function, plasmids can confer 
useful properties upon the cell they inhabit. For example, plasmids called R 
factors have been identified as the substances responsible for bacterial resistance 
to antibiotics. 

Closely related to plasmids are episomes, DNA molecules which may exist 
either integrated into the cell chromosome or separate from it. One of the better- 
known episomes is the F, or fertility, factor which characterizes the partners in 


Figure 6.15 A plasmid (pSC101, electron micrograph x 230,000). This circular DNA molecule, which 
exists and replicates independently from the bacterial chromosome, was an important component in 
early recombinant DNA experiments. (Electron micrograph by Dr. S. N. Cohen.) g 
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conjugating E. coli cells. During conjugation of E. coli, cells containing the F 
factor (F* cells) transmit it to F~ (lacking F) cells, and occasionally some of the 
chromosome of the F* partner is transferred to the F~ cell. R (resistance) factors 
may be transmitted in a similar fashion. Certain F* mutants, denoted Hfr, act 
differently, however; they do not infect the F~ cell with the F factor, but the Hfr 
partner does donate much of its chromosome. Transmitted segments may then 
cross over with the F~ chromosome to yield genetically altered strains. 

Numerous experiments have revealed that the F* cell chromosome enters 
the F- cell in linear order in the form of a thread. If the transfer is interrupted at 
different times, chromosomal threads of different lengths are found in the F7 
cells. Comparison of the characteristics of recipient populations exposed to differ- 
ent amounts of injected chromosome then reveals the relative locations of genetic 
information storage on the (F* cell) chromosome. In this fashion, detailed 
genetic maps like that in Fig. 6.16 have been constructed. Notations around this 
map indicate the relative loci of various mutant characteristics. For example, thr 
refers to a mutant which requires threonine for growth. Many of the other sym- 
= bols are defined in Watson [7, Chap. 2]. 


6.2.3 Cell Fusion 


Multiple genetic modifications, including crossing of genetic material from differ- 
ent species, can be achieved by fusing different cells together. As the flowchart for 
microbial cell fusion in Fig. 6.17 indicates, the first step is preparation of proto- 
plasts, cells that have been stripped of their outer cell wall and which are con- 
tained only in the cell membrane. Various cell wall hydrolase enzymes are ap- 
plied to remove the cell walls, and hypotonic medium is employed at this stage to 
minimize breakage of the osmotically sensitive protoplasts. Incubation of the 
protoplasts results in cell wall regeneration and reversion to normal cell mor- 
phology. This is a critical property since, after fusing protoplasts from different 
strains, we wish to recover an organism which can be cultured further by normal 
methods, potentially on a large scale. Protoplast fusion is induced and accom- 
plished in solutions of polyethylene glycol (PEG), and selection methods similar 
to those used in traditional microbial genetics (Table 6.3) are used to isolate 
protoplast fusion products. 

The microbes that have been successfully fused by this type of protocol in- 
clude different Penicillia, Aspergilli, Streptomyces species, Cephalosporium species, 
yeasts, and bacilli. Interspecies crosses have been obtained between Pencillia, 
between Aspergilli, between Saccharomyces cerevisiae and Saccharomyces diastat- 
icus, between Condida tropicalis and Saccharomycopsis fibuligera, and others. 
While crosses between species which are significantly different are often relatively 
unstable, reverting to one of the parental forms after a few generations, proto- 
plast fusion is an exciting method for accomplishing multiple genetic alterations 
in a single step. One objective of current research on protoplast fusion is a 
combination of fast-growing Streptomyces with highly mutated production 
organisms which are high producing but slow growing. 
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ate al 
$ Cell fusion may also be used to obtain genetically crossed animal or plant 
in- d cells. An example of this type of manipulation, which has numerous current and 
€S, potential practical implications, is the formation of hybridoma cells by fusion of 
lia, an antibody-producing white cell with a myeloma (skin cancer) cell of a mouse 
at- or other animal. Each hybridoma cell synthesizes a single molecular species of 
Ts. 4 antibody. Cells cultured from a single such hybridoma produce a monoclonal 
ely 4 antibody, in pure form. In contrast, when a protein or other antigen is injected in 
to- | a rabbit to make an antibody, many different antibodies, specific for different 
NS regions on the antigen molecule, are synthesized. Monoclonal antibodies, already 
3 a important research reagents, are the bases of many diagnostic methods in current 
ion 


practice or under development. In immobilized form, monoclonal antibodies pro- 
vide highly specific affinity adsorbents for laboratory and large-scale purification 
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Cells Cells 
(strain 1 a b` c7) (strain 2 d` e7 f`) 
| | 
Treatment with Treatment with 
lytic enzyme lytic enzyme 


| | 


Protoplasts Protoplasts 


Y 


` 

Plating on minimal medium to 

to check back mutation and on 
complete medium to 
determine viability 


Plating on minimal medium 
to check back mutation and 
on complete medium to 
determine viability 


Mixed protoplasts 
at least 1 x 10° 
of each strain 


| 


Treatment with 


PEG 
Wash and/or 
dilution in 
a hypertonic medium OR 
Reversion of Reversion of 
protoplasts on protoplasts on 
minimal medium complete medium 


Figure 6.17 Summary of the steps for making and isolating new strains resulting from fusion of 
protoplasts derived from two different parental strains. (Reprinted from J. F. Peberdy, “ Protoplast 
Fusion—A Tool for Genetic Manipulation and Breeding in Industrial Microorganisms,’ Enzyme 
Microb. Technol., vol. 2, p. 25, 1980.) 


of antigen. Also. monoclonal antibodies may be widely used in the future for 
tumor imaging and for drug delivery to specific cell types in the body. 

Small quantities of monoclonal antibodies are conveniently prepared by 
inoculating the peritoneal cavity of compatible mice with hybridoma cells. The 
resulting tumor secretes monoclonal antibodies into the surrounding fluid at 
levels from 1 to 20mg per milliliter. Hybridoma cells can also be grown in 
culture. Searches for new reactor designs to increase cell density and antibody 
productivity and for ways to minimize medium costs to make large-scale mono- 
cional antibody production more economical are currently high priority research 
and development activities. 
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6.3 COMMERCIAL APPLICATIONS OF 
MICROBIAL GENETICS AND MUTANT POPULATIONS 


Basic knowledge of molecular biology and cellular control systems has several 
important practical implications. Some were considered in the previous section: if 
the location of a desirable or unwanted gene can be determined, a variety of 
techniques can be applied to attempt modification of that particular gene. An- 
other tactic is induced mutation to a more productive species. The fruits of this 
approach have already been mentioned in Chap. 1. where we discussed increased 
penicillin yields based on improved strains obtained by a sequence of mutations. 
The final portions of this section will outline several other microbial processes 
where development of special mutant species has played a major role. 

Often, improved productivity of a mutant microorganism has a straightfor- 
ward interpretation in terms of basic cellular control systems. Understanding of 
the mechanisms controlling biosynthesis of the desired product has another im- 
portant application: deciding how to formulate and control the growth medium 
so that productivity is maximized. We consider such environmental manipu- 
lations next. 


6.3.1 Cellular Control Systems: 
Implications for Medium Formulation 


There are two different approaches to altering cellular productivity via choice of 
medium composition: (1) add inducers and (2) decrease amount of repressor 
present. Both approaches are rather obvious on the surface, but in practice some 
sophistication is required to achieve optimal results. 

Beyond the enzyme’s substrate itself, nonmetabolizable substrate analogs can 
be extremely effective inducers for enzyme production. For example, f-galac- 
tosidase specific activity in E. coli can be increased more than 1000-fold by 
galactosides. In addition to the isopropyl f-p-thiogalactoside sometimes used 
for B-galactosidase induction, the following substrate analogs have proved effec- 
tive (enzyme induced follows in parenthesis): N-acetylacetamide (amidase), 
methicillin (penicillin-f-lactamase), and malonic acid (maleate isomerase). 

Catabolite repression is known to decrease product biosynthesis in many 
important processes. Availability of a rapidly consumed substrate such as glucose 
at high concentrations fosters rapid growth but limits production of the anti- 
biotics penicillin, mitomycin, bacitracin, and Streptomycin. Great improvements 
in product yields can be obtained for penicillin by intentionally fostering diauxic 
growth (see Fig. 7.14) by using glucose plus a slowly metabolized sugar such as 
lactose in the growth medium. The desired biomass is grown on the glucose 
fraction, and a phase of product synthesis follows as the lactose is consumed. An 
alternative strategy for achieving the same effect is slow addition of glucose to the 
medium. 

Other examples of repressors whose concentrations can be directly con- 
trolled by medium formulation include inorganic phosphate (represses phospha- 
‘ase synthesis in E. coli and nuclease production in Aspergillus quernicus) and 
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ammonia (represses urease biosynthesis by Proteus retgeri). For example, the 
alkaline phosphatase content of E. coli can be increased from about zero up to 
roughly 5 percent of the cell protein by limiting the phosphate content of the 
growth medium. In a like manner, avoiding high concentrations of amino acids 
or sulfate greatly increases protease synthesis by bacteria or Aspergillus niger, 
respectively. 

Maintenance of low repressor concentrations is more difficult when the re- 
pressor is synthesized by the microorganism. One useful approach in this case is 
to alter the cell’s membrane so that the repressing substance quickly diffuses from 
the cell’s interior to the medium. This strategy is one component of a very pro- 
ductive process for glutamate manufacture using Corynebacterium glutamicum. 
Here, limiting the biotin concentration in the medium permits excretion of gluta- 
mate into the medium. Intracellular accumulations of other amino acids are 
greatest when biotin is present in excess. While a detailed explanation of the 
effect is elusive, there is some evidence relating biotin effects to phospholipid 
components of the cell membrane. 

In the next section we consider another means of ameliorating the negative 
effects of repressors. 


6.3.2 Utilization of Auxotrophic Mutants 


Auxotrophic mutants (see Table 6.3 for selection and detection methods) lack 
enzyme activity for one or more steps in a biosynthetic pathway. As a result, one 
or several end products of the pathway are not synthesized. In order for such a 
mutant to survive, it must be fed the unsynthesized metabolites. For example, a 
tryptophan auxotroph must be fed tryptophan in order to grow. A strain which 
synthesizes its own tryptophan is said to be prototrophic for tryptophan. 

Because the missing metabolites are supplied in the growth medium and are 
not synthesized by the auxotroph, the engineer rather than the microorganism 
has control of the metabolites’ concentrations. Clearly this can be a desirable 
situation from a practical viewpoint when the unsynthesized end product is a 
repressor. As Fig. 6.18 shows, such auxotropic mutants lacking repressor syn- 
thesis can be made to overproduce! an intermediate metabolite. By keeping the 
concentration of repressor E low in the medium, feedback inhibition and repres- 
sion of pathway enzymes are minimized. The intermediate C (normally the sub- 
strate for enzyme c, which is absent from the mutant) will then achieve much 
higher concentrations than in the native organism. As indicated at the close of 
the previous section, additional manipulations may then be necessary to allow 
intermediate C to diffuse through the cell membrane into the medium. 


*“Overproduce,” as used here, is relative to the optimal allocation of biosynthetic intermediates 
for cell growth and maintenance. Usually such an optimum-from the cell's perspective does not lead 
to high yields of commercially important end products, hence the mouvation for industrial use of 
mutant species with intentionally imperfect internal controls. 
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Figure 6.18 Auxotrophic mu- 
tants can be used to enhance 
production of intermediates in a 
metabolic pathway. In this hy- 
pothetical example, the mutant 
lacks enzyme c and therefore 
does not synthesize the repressor 
E. ( Reprinted from A. L. Demain. 
“Overproduction of Microbial 


Metabolites and Enzymes due to 
E paar aie ne aa -+} ee et hae 1 Alteration of Regulation.” in T. 
Enzyme a! Enzyme b | Enzyme c Enzymed | K. Ghose and A. Fiechter {eds.), 
A —i—y> B y—>| © | o00000 D =E “Advances in Biochemical Engin- 
! Á és es f 
H eering IV p. 120, Springer-Verlag. 
aS a a OE N aS ee a ee ` 
= sli New York 1971.) 


The role of auxotrophy in commercial L-lysine manufacture using C. glutami- 
cum is illustrated in Fig. 6.19. The productive mutant lacks homoserine dehydro- 
genase, so that the inhibitory effect of threonine on lysine synthesis (via 
aspartokinase) is eliminated. Since the auxotropic mutant does not synthesize 
threonine or methionine, both these amino acids must be supplied in the growth 
medium. 

Comparison of the aspartate pathway controls for C. glutamicum in Fig. 6.19 
with the corresponding pathway in E. coli (Fig. 5.12) makes an important point: 
organisms with similar biosynthetic pathways do not necessarily utilize identical 
control systems. Specifically, notice in Fig. 5.12 that lysine inhibits its own pro- 
duction via the reaction leading to dihydrodipicolinic acid. The corresponding 
inhibitition step is absent from the (unmutated) parent strain of C. glutamicum. 
Also, the aspartokinase system found in the Corynebacterium apparently differs 
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from the E. coli aspartokinases in that the former is not repressed unless both 
lysine and threonine are present (concerted or multivalent feedback inhibition). 
whereas one of the aspartokinase isozymes in the E. coli system is repressed by 
lysine alone. Both these differences confer commercial advantage to the Coryne- 
bacterium. 

Similar strategies have been successfully employed to obtain productive mi- 
crobial processes for manufacture of the flavor-enhancing purine nucleotides 
guanosine monophosphate (GMP), inosine monophosphate, (IMP), and xan- 
thine monophosphate (XMP). As Fig. 6.20 illustrates, minimization of AMP and 
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Figure 6.20 (a) In a normal celi. AMP and GMP exert feedback inhibition at several points in the 
nucleotide biosynthesis reaction sequence. (b) In a mutant which does not synthesize AMP and 
GMP. the concentrauon of these components may be kept low by proper medium formulation. This 
permiis enhanced yields of inosine and hypoxanthine. ( Reprinted from S. Aiba. 4. E. Humphrey. and 
No Maillis,“ Brocheniicul Engineering,” 2d ed.. p. 84, University of Tokyo Press: Tokyo. 1973. ; 
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GMP concentrations by use of an auxotrophic mutant of Brevibacterium ammo- 
niagenes permits accumulation of inosine and hypoxanthine. Appearance of these 
products in the medium is enhanced by adding a small amount of manganese 
(Mn*~ concentration = 10 ug/L) to the medium. Evidence to date indicates that 
the manganese changes the cell-membrane permeability. 


6.3.3 Mutants with Altered Regulatory Systems 


Several other types of genetic manipulation and selection have provided. commer- 
cially superior strains by altering controls at the enzyme and/or at the gene level. 
Mutants of this type can be used to increase yields of metabolites and enzymes. 

To obtain overproduction of a metabolite which acts as an inhibitor and/or 
repressor of its biosynthesis, we seek mutant organisms whose relevant allosteric 
enzymes and operons are insensitive to the metabolite’s presence. Such mutants 
are often isolated using antimetabolites, which are toxic analogs of the metabolite 
in question. Normal cells will not usually grow in a medium containing antimeta- 
bolite since the antimetabolite represses or inhibits biosynthesis of the necessary 
metabolite without serving as a substitute for the unsynthesized metabolite in 
subsequent pathways. On the other hand, strains with deficient feedback controls 
will not alter their biosynthesis patterns or rates in response to the antimetabolite 
_and will therefore survive in its presence. Table 6.6 lists some of the microbial 
products whose yields can be enhanced by this technique. 

Although resistance to an antimetabolite may involve a variety of control 
system alterations, one possibility is elimination or reduction of repression of 


Table 6.6 Mutants providing enhanced yields of these end products may be selected 
using the corresponding antimetabolites’ 


End product Antimetabolite used End product Antimetabolite used 


Arginine Canavanine Threonine a-Amino, B-hydroxyvalerate 
Phenylalanine p-Fluorophenylalanine 
Thienylalanine Methionine Ethionine 
Tyrosine p-Fluorophenylalanine Norleucine 
Thienylalanine x-Methylmethionine 
D-Tyrosine L-Methionine-Dt- 
Tryptophan 5-Methyltryptophan sulfoximine 
6-Methyltryptophan Histidine 2-Thiazolealanine 
Valine x-Aminobutyrate 1,2,3-Tniazole-3-alanine 
Isoleucine Valine Proline 3,4-Dehydroproline 
Leucine Trifluoroleucine Adenine 2,6-Diaminopurine 
4-Azaleucine Uracil 5-Fluorouracil 


"A. L. Demain, “Overproduction of Microbial Metabolites due to Alteration in Regulation,” p. 
113 in T. K. Ghose and A. Fiechter (eds.), Adv. in Biocheniical Engineering 1, Springer-Verlag, New 
York, 1971. 
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enzymes in the metabolite’s biosynthesis pathway. In this context, antimetabo-. 
lites can be used to discover mutants with unusually large concentrations of 
biosynthetic enzymes. Such a strategy would be appropriate, for example, in 
manufacturing enzymes for subsequent in vitro biosynthetic processes. 

Other methods can be employed to identify and isolate constitutive mutants. 
In these species, normally induced or repressed enzymes are produced whether or 
not inducer or repressor is present. Among the enzymes whose yields can be 
improved with constitutive mutants are f-galactosidase, catalase, phosphatases, 
proteases, homoserine dehydrogenase, invertase, histidase, penicillinase, and 
amidase. 

Throughout the previous discussion we have concentrated on various strate- 
gies for increasing yield of a desired compound. Additional avenues of applica- 
tion of such molecular biological principles include biosynthesis of derivatives of 
the original products and generation of completely new end products with phar- 
maceutical and other uses. Brief summaries of these topics are given in Refs. 4-6. 

_An important example of such an application is biosynthesis of the tetracycline 
derivative 6-demethyl tetracycline by a mutant of Streptomyces auriofaciens. 
More stable under acidic conditions than the usual methylated form, this deriva- 
tive is one of the dominant commercial forms of tetracycline antibiotic. 


6.4 RECOMBINANT DNA TECHNOLOGY 


In the late 1970s a set of biochemical methodologies emerged which made genetic 
engineering possible. The tools of recombinant DNA, which have revolutionized 
the potential of biotechnology for mankind’s benefit, permit precise construction 
of new genetic instructions which can be inserted into and utilized by living cells. 
Through recombinant DNA technology, our knowledge of DNA function, gene 
organization, gene expression regulation, and protein primary structure is ad- 
vancing at a dizzying pace, promising major breakthroughs in understanding and 
combating disease. The opportunity to introduce totally new DNA into cells also 
has created unique industrial microorganisms able to synthesize valuable pro- 
teins. In this section our emphasis will be application of genetic engineering in 
manufacturing and on use of the bacterium Escherichia coli as the host organism. 

Before outlining some of the key reagents and methods of genetic engineer- 
ing, it 1s useful to examine an overview of the process and to introduce some new 
terminology. A brief schematic of a method for cloning a segment of DNA is 
shown in Fig. 6.21. Here cloning means obtaining a colony of genetically identi- 
cal cells which contain the DNA segment of interest. This segment, called “for- 
eign DNA” in Fig. 6.21, is obtained by cutting a larger piece of DNA into 
fragments using specific endonuclease enzymes or by enzymatic or chemical syn- 
thesis. The foreign DNA is joined in the test tube (in vitro) to a vector or vehicle 
which will carry the foreign DNA as a passenger into a bacterial cell. In this 
example the vector is a bacterial plasmid which has been manipulated to facili- 
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Figure 6.21 Schematic illustration of the major steps in cloning a foreign DNA segment. 


tate the cloning process. The recombinant DNA molecule formed by the foreign 
DNA-plasmid construct is then introduced into a bacterial cell by transforma- 
tion. Using methods described below, the clone containing the plasmid which 
includes the foreign DNA segment is identified. 

Cloning a DNA fragment provides enough of that DNA sequence for de- 
tailed analysis and for use as a reagent in subsequent biochemical and genetic 
manipulations. As an example of use of cloned DNA for analysis, consider the 
Status of research on fibroblast interferon (IFN-f) in the late 1970s. Supplies of 
this protein were extremely limited, so that, even with the most sensitive research 
instruments for amino acid sequencing, it was only possible to determine the first 
few amino acids at the amino terminus of the protein. However, once a fibroblast 
interferon gene was cloned and its nucleotide sequence determined, the complete 
amino acid sequence of the corresponding protein followed directly by use of the 
genetic code! Examples showing use of cloned DNAs for construction of strains 
which express foreign proteins at high levels will be considered in Sec. 6.4.4. Next 
we examine several enzymes which are crucial to recombinant DNA technology. 


6.4.1 Enzymes for Manipulating DNA 


One key to recent breakthroughs in genetic engineering is the discovery and the 
subsequent commercial supply of several enzymés which can-be used to cut, alter, 
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and join DNA molecules in the test tube. Prominent among these crucial en- 
zymes are the restriction endonucleases which recognize and cut specific nucleo- 
tide sequences within the DNA molecule. For example the restriction enzyme 
called EcoRI recognizes the double-stranded six-nucleotide sequence 


ss ad ae TEA AE 


and cleaves each strand between the G and A residues as marked above by 
arrows. The two ends may then separate 


-—G A—A—T—T—C:-- 
--—C—T—T—A—A G- 


Notice that in this case each end contains a short single-stranded segment. These 
are called “sticky ends” or “cohesive termini” since the two ends are complemen- 
tary single-stranded nucleotide sequences which will naturally tend to base pair 
and to join, by hydrogen bonding, to each other. Whether or not these hydrogen 
bonded sequences tend to stay together or separate can be adjusted by manipu- 
lating the temperature or the pH of the solution. 

More than 100 different restriction enzymes have now been identified. Some 
of the more commonly used ones, their recognition sites, and the points of DNA 
backbone hydrolysis are listed in Table 6.7. We should observe here that not all 
restriction enzymes leave sticky ends. For example, Hpal cuts “straight across” a 
six-nucleotide recognition site, leaving double-stranded blunt ends. 

Restriction enzyme nomenclature is based on the organism in which the 
restriction enzyme was discovered. The first, and capitalized, letter is the first 
letter of the genus of the source organism, and the next two or three letters are 
the first two or three letters of the species of this organism. The Roman numeral 
denotes the order of discovery. For example, BglII is the second restriction en- 
zyme discovered in the bacterium Bacillus globigii. Sometimes additional letters 
are added to define more precisely the strain of origin. EcoRI, for example, was 
first isolated from E. coli RY 13. 

The utility of restriction enzymes in recombinant DNA technology derives 
from their specificity in cleaving DNA at particular sites. Also, because recogni- 
tion sites of 6 or 4 nucleotides in length are not found too frequently in a DNA 
molecule. the DNA fragments obtained by restriction enzyme hydrolysis, typi- 
cally several hundred nucleotides in length, are sufficiently long to contain useful 
genetic information and sufficiently short to allow convenient physical and bio- 
chemical in vitro manipulation. 

Our treatment of other important enzymes in recombinant DNA technology 
is necessarily brief. First, we should mention DNA ligase. Suppose the sticky ends 
obtained by earlier EcoRI hydrolysis of different DNA molecules are allowed to 
anneal—to come together and base pair. This configuration is not covalently 
closed: the phosphodiester bonds (indicated by dashes) are missing between the 


Table 6.7 Recognition sites and 
cleavage points (arrows) for some 
restriction endonuclease enzymes 


Enzyme Target site 
1 
BamHI GGATCC 
CC T AGG 
ij 
l 
Bgl AGA TCT 
TC TAGA 
t 
l 
EcoRI GAATTC 
CTTAAG 
t 
| 
Haelll G G C C 
C CGG 
ij 
l 
HindIII A AGCTYT 
T TCGAA 
T 
l 
Hpal GTTAAC 
CAA TTG 
T 
l 
PstI C TGCAG 
GACGTC 
t 
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G and A residues in both strands. DNA ligase catalyzes the condensation of a 3’- 
hydroxyl group with a 5’-phosphate group to add these missing links. 
Annealed fragments 


are covalently closed by DNA ligase 


--—G A—A—T—T—C—:- 
--—C—T—T—A—A G—:- 


—G—A—A—T—T—C—--- 


‘+-—C—T—T—A—A~G—- 
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Figure 6.22 Characteristic reactions of some synthetic enzymes useful in recombinant DNA tech- 
nology. 


The final enzymes we shall consider all catalyze synthesis of oligonucleotides 
(see Fig. 6.22). DNA polymerase I (DNA poll) uses a template strand of DNA to 
direct the synthesis of a complementary strand in the 5’ — 3’ direction. Triphos- 
phates of all four of the deoxyribonucleotides are required reagents, as is a primer 
which terminates with a 3’-hydroxyl. Reverse transcriptase accomplishes the rela- 
tively rare feat of reversing the normal flow of genetic information: this enzyme 
synthesizes a single DNA strand complementary to an mRNA template. Joining 
different DNA fragments is often facilitated by adding to them complementary 
homopolymeric tails. Given a single nucleotide triphosphate, the enzyme terminal 
transferase will repeatedly add this nucleotide to the 3’-OH termini of DNA 
molecules. 

A few additional enzymes important in genetic engineering methods will be 
mentioned below. Next we turn our attention to the required characteristics of 
vectors for recombinant DNA. 
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6.4.2 Vectors for Escherichia coli 


vectors are DNA molecules which provide propagation of a DNA fragment in a 
growing cell population. A useful vector for cloning should have the following 
properties: 


1 Ability to replicate in the host cell 

2 Ability to accommodate foreign DNA of various sizes without damage to 
replication functions 

3 Easy insertion in host cell after in vitro DNA manipulations 

4 Contains a selection marker to facilitate rapid, positive selection of cells which 
contain the vector 

5 Contains only one target site for one or more different restriction endonu- 
cleases 


Two different classes of vectors—plasmids and bacteriophages—have been devel- 
oped for cloning DNA in E. coli. We will concentrate here on plasmid vectors. 

As mentioned earlier, plasmids are introduced into E. coli cells by transfor- 
mation. Since a transformed E. coli cell may receive only a single plasmid and 
since we require a clone of many identical plasmid-containing cells to isolate, 
characterize, and utilize DNA sequences of interest, it is absolutely essential that 
the plasmid be able to replicate in the growing bacterial cell. This requires inclu- 
sion in the plasmid of an origin of replication—a nucleotide sequence, about 
600 bp long for E. coli plasmids, which directs and regulates replication so that 
each cell contains a reasonably consistent number (typically around 30) of plas- 
mid copies 

Selection markers are also important. By including, for example, a gene for 
antibiotic resistance in the plasmid, we can rapidly and positively select for cells 
containing plasmids. This is done by growing the cells on medium containing a 
level of the antibiotic which kills plasmid-free cells but which allows growth of 
cells containing plasmids and hence the antibiotic resistance gene. Another com- 
. mon strategy for selection is to use a mutant host lacking an enzyme required for 
growth in a particular medium and to include on the recombinant plasmid the 
normal gene for that enzyme. Here the enzyme expressed from the plasmid gene 
complements the genetic lesion in the host. 

Selection markers in plasmids can serve two quite distinct functions in re- 
combinant DNA technology. First, laboratory investigations are greatly acceler- 
ated by positive selection procedures which rapidly identify vector-containing 
colonies. Second, in subsequent growth of cells containing the plasmid, imposing 
selection pressure—by adding antibiotic to the growth medium, for example— 
minimizes competition from any plasmid-free cells that may be born during pop- 
ulation growth. 

Plasmid vectors for cloning in E. coli have been highly developed in recent 
years. Among the more popular plasmids is pBR322 (Fig. 6.23) which includes a 
number of unique restriction enzyme sites, genes for tetracycline and for ampicil- 
lin resistance, and an origin of replication which allows amplification of the 
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plasmid. Here “amplification” means a large increase in the ratio of plasmid to 
chromosomal DNA. Amplification is possible using pBR322 and related plas- 
mids since the plasmid can replicate in the absence of protein synthesis in the 
host cell but the chromosome cannot. Consequently, by adding an inhibitor of 
protein synthesis such as chloramphenicol to the culture medium, plasmid (and 
hence cloned DNA) content of the cell may be increased from around 30 to over 
1000 copies. This provides large quantities of cloned DNA for characterization 
and for use as a reagent in later DNA constructions. Inserts of variable length up 
to an upper limit of 15 kb pairs may be cloned in pBR322 and related plasmid 
vectors. 

Bacteriophage lambda has been extensively developed as a cloning vector. 
About 25 percent of the wild-type 2 genome can be deleted without imparing the 
replicative and lytic functions of the phage, permitting cloning of around 12 kb 
pairs of foreign DNA. Much larger DNA segments—up to 50 kb—may be cloned 
through use of hybrid plasmid-phage å vectors called cosmids which may be 
packaged in vitro into 4 phage heads and tails. For this reason, bacteriophage 
vectors are preferred when cloning libraries consisting of large fragments of some 
or all of a eucaryotic genome. Phage with a single-stranded genome such as M13 
have also been manipulated to obtain useful vectors for cloning. The single- 
stranded clones so produced are especially convenient for DNA nucleotide 
sequencing using the Sanger method. DNA sequencing and other techniques for 
characterizing cloned DNAs are summarized in the next section. 


6.4.3 Characterization of Cloned DNAs 


Suppose now that recombinant plasmids have been transformed into a popula- 
tion of E. coli cells, and those cells containing plasmids have been identified by 
growth on agar plates made with selective medium. In this section we briefly 
review the methods by which the clones so obtained may be screened and the 
DNA inserts from interésting clones analyzed in detail. 

First. we can distinguish between clones which have plasmids with inserts 
and those which contain only reclosed plasmids by applying insertional inactiva- 
tion during the cloning procedure. Suppose, for example, that DNA fragments 
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were inserted at the PstI restriction enzyme site in plasmid pBR322. Since inserts 
at this position interrupt the gene for ampicillin resistance, cells containing re- 
combinant plasmids will be ampicillin sensitive and tetracycline resistant. On the 
other hand. cells with insert-free plasmids will be resistant to both ampicillin and 
tetracycline. . 

Consequently. clones containing recombinant plasmids may be identified by 
first growing on tetracycline plates (to eliminate the large background of cells 
with no plasmids). Then, the replica plating method is applied in which a felt pad 
or nitrocellulose paper is pressed on the original, master plate and then pressed 
onto a second plate, inoculating the replica plate with an exact copy of the 
colony distribution on the master. In this example, the medium used for the 
replica plates would contain ampicillin. Colonies present on the master plate 
which do not grow in the replica plate are those which contain plasmids with 
inserts in the ampicillin resistance gene. 

Screening for specific nucleotide sequences in the clone may be accomplished 
by several different procedures which are all based on hybridization of denatured 
(i.e. single-stranded) DNA from the clone with a nucleic acid probe, typically 
labelled with >*P to make it radioactive. The nucleotide sequence of the probe, 
whether mRNA or DNA, is complementary to a portion of the sequence of the 
DNA segment of interest. mRNA probes are obtained by isolating mRNA pools 
from cells enriched in the message of interest, while DNA probes are obtained by 
an earlier cloning step or perhaps by direct chemical synthesis. 

In the in situ colony hybridization method, a replica plate of the clones is 
grown on nitrocellulose paper laid over the Petri plate with nutrient medium. 
Cells are then lysed by treatment with lysozyme, and NaOH is used to denature 
the DNA. The filter paper is then removed, contacted with the probe, washed, 
and exposed to x-ray film. Spots appear on the film where probe hybridization to 
complementary DNA has occurred, identifying interesting clones for further 
study. 

Plasmid DNA may be isolated by ultracentrifugation in a cesium chloride 
density gradient, then treated with a restriction enzyme. The resulting DNA frag- 
ments provide a kind of fingerprint of the plasmid DNA. These fragments may be 
sized by electrophoresis in 0.5 to 1.5 percent agarose gels, where the fluorescent 
dye ethidium bromide, specific for double-stranded nucleic acids, is frequently 
used to visualize the bands corresponding to DNA fragments of different sizes. 
By analysis of the fragment sizes obtained with other restriction enzymes and by 
multiple restriction enzymes together, a restriction map showing the relative posi- 
tions of various restriction sites’ can be generated. Restriction mapping is ex- 
tremely useful to verify DNA insertions at particular target points in the 
plasmid and also provides a basis for further manipulation of the recombinant 
plasmid. 

The radiolabelled probes mentioned earlier may be used to identify particu- 
lar restriction fragments of interest. In the Southern blotting method, the DNA in 
the gel is denatured with alkali, and the gel is covered with cellulose nitrate filter 
paper. Buffer solution drawn from moist filter paper below this sandwich to dry 
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filter paper above it carries DNA from the gel to the cellulose nitrate paper 
where it binds. The bound, denatured DNA is then exposed to probe and then to 
x-ray film as before to identify gel bands containing nucleotide sequences com- 
plementary to that of the probe. . 

Current methods of DNA biochemistry are sufficiently sensitive that a few 
nanograms of DNA obtained by cutting a band out of a gel may be used for 
cloning or for further analysis. Clearly the most detailed characterization of a 
DNA fragment is determination of its nucleotide sequence. Two different meth- 
ods for rapid and efficient sequencing of DNA, the Maxam-Gilbert and Sanger 
techniques, were invented in the 1970s and have had tremendous impact in the 
biological sciences and biotechnology. 

In the Maxam-Gilbert method, the double-stranded DNA is first labelled ra- 
dioactively at one end of each strand. The DNA is then denatured, and a prepa- 
ration of one of the two types of strands is divided into four aliquots, each of 
which is treated with different chemicals. Each of the four chemical treatments 
destroys selectively one or two bases and cleaves the DNA at those points. It is 
critical to the method that this destruction be incomplete— ideally we would like 
the chemical treatment to cleave each strand only once. The fragments resulting 
from these four parallel treatments are then run on a long polyacrylamide gel. 
Gel band positions are visualized by exposure to x-ray film. Reading down the 
four parallel lanes of the gel, the nucleotide sequence follows directly (Fig. 6.24). 
Sequences of the order of 200 nucleotides may be routinely determined in a single 
experiment using this method. The Sanger DNA sequencing method is summar- 
ized in Ref. 21; this approach is usually used when sequencing extensive domains 
of DNA. 

Often we wish to screen a diverse set of clones for expression of a particular 
gene product, that is, a particular protein. The basis for most such methods is an 
antibody for the particular protein. After making the antibody radioactive (by 
labelling it with I'?°, for example) antibody solution may be contacted with 
colonies on a plate which are then washed and visualized on x-ray film to identify 
colonies which contain the protein of interest. Alternatively, an enzyme may be 
linked to the antibody so that the enzyme is localized wherever antigen is en- 
countered. Then, using a chromogenic substrate (one that changes or generates 
color after conversion by the enzyme), colonies containing the target protein are 
readily identified. More sensitive immunochemical methods which are able to 
detect as few as 1-5 molecules of a protein per E. coli cell are described in the 
references. 

While it is impossible to convey a detailed picture of these methods for 
identifying and characterizing desired clones, hopefully the previous comments 
suffice to show the time-consuming and painstaking work required to screen 
clones and to monitor each step during construction of new recombinant mole- 
cules. Although cloned gene expression, the subject of the next section, is a topic 
of more immediate interest to biochemical engineers, we should recognize that 
cloning the gene is often a major bottleneck in a program to manufacture a ° 
foreign protein in E. coli or another host. Advances in laboratory methods and 
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Figure 6.24 Maxam-Gilbert DNA sequencing: application of four different reagents which attack 
different bases gives a mixture of fragments with relative lengths corresponding to the destroyed 
bases. The pattern of bands on the four lane gel permit direct reading of the corresponding nucleotide 
sequence running, from top to bottom, toward the labelled end of the starting oligonucleotide. 


automation will continue to accelerate the “unit operations” of molecular genet- 
ics, however, promising more rapid access to an expanding pool of useful and 
interesting genes and regulatory sequences. 


6.4.4 Expression of Eucaryotic Proteins in E. coli 


The first generation of applications of genetic engineering in biotechnology in- 
volves synthesis of useful eucaryotic proteins in E. coli cells. Here we shall first 
consider how to obtain a gene suitable for expressing a eucaryotic protein. Next, 
the desired properties of an expression vector will be discussed. This section 
| concludes with a few comments on screening for gene expression and on genetic 
and product protein stability. 

Recalling Fig. 6.7 and the associated discussion, we can anticipate a funda- 
mental difficulty in direct expression of eucaryotic genes in E. coli. Procaryotes 
such as E. coli do not possess the biochemical machinery to do RNA splicing. 
Accordingly, a eucaryotic gene placed directly in E. coli (with appropriate bacte- 
rial expression controls to be discussed next) will not be properly expressed. 
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Figure 6.25 This chemically synthesized gene for the A-chain of human insulin (amino acid sequence 
shown on top) was assembled from twelve oligodeoxyribonucleotides designated A, through Aid. 
(Reprinted from R. Crea, A. Kraszewski, T. Hirose, and K. Itakura, “Chemical Synthesis of Genes for 
Human Insulin,” PNAS (US). vol. 75, p. 5765, 1978.) 


Sequences in the mRNA derived from intervening sequences in the eucaryotic 
gene will be translated in E. coli, producing a polypeptide generally much differ- 
ent from the desired eucaryotic product. 

Accordingly, we must make somehow a bacterial gene for the eucaryotic 
protein—a gene that has only protein sequence coding information without any 
introns. There are two quite different strategies for accomplishing this. The first is 
chemical synthesis of the desired nucleotide sequence. While details of chemical 
synthesis of genes are best left for the references, we should observe that DNA 
synthesis chemistry as of this writing does not permit direct synthesis of the 
entire gene. Instead, overlapping oligonucleotides are designed which will tend to 
self-assemble by base pairing into a complete double stranded coding sequence. 
As an example, Fig. 6.25 shows the gene for the 21 amino acid A-chain of human 
insulin that was assembled from 12 different oligodeoxyribonucleotides ranging 
from 10 to 15 nucleotides in length. A number of properties related to cloning 
and gene expression including codon usage, avoidance of termination signals, 
and inclusion of convenient restriction enzyme target ends should also be con- 
sidered when designing the synthetic gene. 

The capability for chemical synthesis of genes or gene fragments raises the 
fascinating possibility of protein engineering. Now we can in principle alter at will 
any amino acids in a protein with the possibility of increasing the biological 
activity and the process stability of that protein. Furthermore, we can direct cells 
to synthesize novel (so far as we know) amino acid sequences and possibly create 
new catalysts, drugs, and food ingredients. Unfortunately, we know so little 
about the connection between protein amino acid sequence and protein function 
that this potential for improving function for applications remains largely un- 
tapped at present. 

The other way to obtain a bacterial gene for a eucaryotic protein is to work 
backward from the mature, spliced cucaryotic messenger RNA. As shown sche- 
matically in Fig. 6.26, the mRNA for the desired protein provides a template 
from which the enzyme reverse transcriptase can synthesize a complementary 
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Figure 6.26 Summary of the procedure for synthesizing a double-stranded DNA molecule with 
nucleotide sequence complementary to the nucleotide sequence of an mRNA molecule (wavy line). 
The final step prepares the complementary DNA (cDNA ) molecule for cloning. 


DNA strand. After separating the mRNA and single DNA strand, the comple- 
mentary DNA strand is added using DNA polymerase, and the enzyme S1 nu- 
clease then serves to clip off a small single-stranded loop at one end. The result is 
a double-stranded complementary DNA (cDNA) molecule. In the last step in 
Fig. 6.26, terminal transferase has been used to add homopolymeric tails of de- 
oxycytidine (dC) to the cDNA in anticipation of cloning (pBR322 cleaved by 
PstI with deoxyguanylate (dG) homopolymeric tails is a favorite vector for this 
purpose). 

For effective expression, ihe structural gene must be bracketed by nucleotide 
sequences that provide, before the gene, transcription initiation (promoter se- 
quence) and translation start (ribosome binding site and start codon) and, after 
the gene, translation stop (stop codon) and transcription termination (recall Fig. 
6.6). Expression vectors include these control sequences as well as an origin 
of replication and at least one selection marker. Cloning and DNA synthesis 
methods have been used to make a large set of expression control sequences 
available for application in expression vectors. The lac, trp and Ap, promoters are 
some of the more frequently used. 

Generally it is desirable to use a controlled promoter that can be turned on 
by some environmental change such as addition of inducer, depletion of repres- 
Sor, or temperature shift. In a well-designed expression system, the cloned gene 
product may constitute up to 70 percent of the total cellular protein (10-25 
percent is a more typical figure). Since this product servés no useful purpose for 
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the host bacterium, diversion of so much biosynthetic activity to product synthe- 
sis seriously limits the host cell’s capacity for growth and even survival. Accord- 
ingly, it is common practice to operate a reactor first so that cloned gene 
expression is off, permitting more rapid growth to a high cell density, and then to 
alter cultivation conditions to maximize cloned gene expression. 

When foreign proteins are expressed at high levels in E. coli, the product 
tends to accumulate in the cells as dense refractile bodies (Fig 6.27). These refrac- 
tile bodies are primarily product protein but some bacterial proteins are included 
as well. The product protein in this form is typically denatured and cross-linked 
to other protein molecules by disulfide bonds. Thus, while the concentration of 
product into these particles facilitates some aspects of product recovery, addi- 
tional processing steps to stabilize the product and refold it to active form are 
required. 

Several types of instability may limit the net productivity of a recombinant 
culture. E. coli contains intracellular proteases which somehow recognize and 
degrade small abnormal proteins. Serving in normal cells to recycle amino acid 
building blocks from E. coli peptides containing synthesis errors, in recombinant 


Figure 6.27 (a) Scanning elec- 
tron micrograph of recombinant 
E. coli cells producing trp poly- 
peptide-proinsulin chimeric pro- 
tein. Elongated morphology with 
bulges is apparent by compar- 
ison with plasmid-free E. coli 
(inset, x 5300). Intracellular in- 
clusion bodies in transmission 
electron micrographs of (b) re- 
combinant E. coli cells producing 
B-galactosidase—insulin A chain 
chimeric protein ( x 17,500) and 
(c) recombinant E. coli produc- 
ing trp polypeptide-proinsulin 
protein ( x 30,000). Plasmid-free 
cells (d), ( x 30,000) contain no 
inclusion bodies. (Reprinted by 
permission from D. C. Williams, 
R. M. Van Frank, W. L. Muth, 
and J. P. Burnett, “Cytoplasmic 
Inclusion Bodies in Escherichia 
coli Producing Biosynthetic Hu- 
man Insulin Protein,” Science, vol. 
215, p. 687, 1982.) 
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systems these proteases may rapidly degrade the product protein. A common 
strategy that has been employed to minimize product instability is genetic engi- 
neering to obtain synthesis of a fusion protein consisting primarily of an E. coli 


protein to which, usually at the carboxy terminus. the foreign protein is ap-. 


pended. This method was used to stabilize several relatively small polypeptides 
such as somatostatin (14 amino acids) and the human insulin A (21 amino acids) 
and B (30 amino acids) chains. In each of these cases, a methionine residue was 
used as a connector between the E. coli protein fragment and the human peptide 
so that, by subsequent treating with cyanogen bromide which cleaves proteins at 
methionine, the active human peptide was obtained. (Fortunately, none of the 
polypeptides mentioned contain internal methionine residues!) 

Two different forms of genetic instability can damage recombinant popula- 
tions. First, a certain fraction of newborn cells may be born without plasmids. In 
this instance of segregational instability, plasmid-free cells may then outgrow the 
plasmid-containing, productive cells unless selection pressure is applied. Even 
with selection pressure, segregational instability reduces the overall growth rate 
and productivity of the recombinant population. The other type of instability. 
called structural instability, results in inability of cells to synthesize active cloned 
gene product. This can be caused by mutation either in the structural cloned gene 
or in the associated sequences which control and make possible cloned gene 
expression. Unfortunately, using selection pressure does not control this form of 
instability. 


6.4.5 Genetic Engineering Using Other Host Organisms 


E. coli is the workhorse of cloning and genetic engineering because it is the 
organism we know best at the molecular level. However, E. coli is not a familiar 
industrial microorganism; it is gram-negative and so has toxic lipopolysaccha- 
rides on its outer surface (E. coli infections in the bloodstream have a 50 percent 
fatality rate), and it does not ordinarily secrete proteins into the surrounding 
medium. Also, as a procaryote, E. coli cannot conduct RNA splicing or post- 
translation protein modification characteristic of eucaryotic cells. For these and 
other reasons, there is great interest in developing cloning and expression systems 
for organisms other than E. coli. In all cases it is important to keep in mind the 
following potential barriers to expression of a foreign gene: 


. Host cell nuclease attack on foreign DNA or RNA 
Vector replication malfunction 

Poor activity of promoter or transcription terminator 
Incomplete mRNA splicing 

. Inefficient translation 

. Protease attack. 
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Also, we need an efficient procedure for introducing the vector into host cells 
with high yields. 
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Methods exist for molecular coloning and gene expression in several bac- 
teria. Perhaps the most extensively studied is Bacillus subiilis, a gram positive, 
nonpathogenic, nonparasitic, industrial microorganism used before the advent of 
genetic engineering to manufacture several enzymes and polypeptide antibiotics. 
B. subtilis secretes some of its proteins into the surrounding medium. Product 
secretion is a desirable feature for some genetic engineering applications since 
secreted proteins in the medium will not be contaminated by large quantities of 
closely related intracellular proteins. Also, if the product protein is secreted, it 
may be possible to obtain higher product densities than is possible with an 
intracellular protein (what is an upper bound on the amount of product per unit 
volume of culture of an intracellular protein?) 

Several plasmids and bacteriophages are available for cloning in B. subtilis. 

Transformation, transduction, and protoplast fusion methods can be used to 
introduce foreign DNA. Several mammalian proteins including insulin and inter- 
ferons have been successfully expressed in B. subtilis, but, as of this writing, 
export of foreign proteins from B. subtilis remains problematic. 
_ Cloning technology is also available for several Pseudomonas and Strepto- 
myces Strains. A combination of genetic engineering and mutation/selection 
methods has generated Pseudomonas species with new metabolic capabilities —for 
example, the ability to grow on ordinarily toxic chlorinated hydrocarbons as 
their sole carbon source. The tremendous current commercial importance of 
Streptomyces organisms motivates intensive research on genetic engineering 
methods useful in these microbes. Potential benefits include strains which give 
higher yields of industrial enzymes or which synthesize new semisynthetic or 
hybrid antibiotics. 

The last examples introduce a new theme— metabolic engineering — which de- 
serves further comment. With genetic engineering we can not only produce pro- 
teins useful in their own right, but we can also add to a living cell more of some 
particular enzymes, regulatory proteins, permeases, or any other protein. Further, 
we may be able to give to the cell completely new enzymatic, regulatory, or 
transport activity which we would never expect to find in nature or through use 
of random mutagenesis. Accordingly, we now have the capability to redesign and 
rebuild in a carefully controlled and directed fashion some parts of the metabolic 
network of the cell. On a long-term basis, this will be a major application of 
genetic engineering. More immediate progress in this area is limited by our in- 
sufficient knowledge of certain important enzymatic pathways and of their rate- 
limiting steps. Also, our understanding of control of the overall metabolic net- 
work is lacking so that the effect of a perturbation in one pathway on others 
cannot be predicted. Finally, new genetic engineering methods are needed so that 
large numbers of new genes can be propagated and expressed in recombinant 
cells. 

Great progress has been achieved in recent years in genetic engineering in 
eucaryotic cells. The yeast Saccharomyces cerevisiae has been extensively studied 
because it is capable of expressing directly some eucaryotic-and some procaryotic 
genes. because a powerful genetic system exists for this organism. and because 
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yeast can be transformed efficiently with naked DNA. Yeast also conducts at 
least some posttranslational modification typical of eucaryotes and secretes some _ 
of its proteins into the medium. For example, hepatitis B Australia antigen parti- 
cles, apparently glycosylated and aggregated as in humans with the disease, have 
been produced in recombinant S. cerevisiae. Human immune inter- 
feron (INF-y) was successfully expressed, processed, and secreted by genetically 
engineered yeast. 

Cloning and gene expression in mammalian cells has so far been based on 
vectors derived from simian virus 40 (SV40). The covalently closed circular DNA 
genome of this virus can replicate independently in mammalian cells or may be 
integrated into the host cell chromosomes. In addition to providing an origin of 
replication that functions in mammalian cells, promoters from SV40 may be used 
to obtain cloned gene expression. 

Because of all the available methodology and its rapid growth, E. coli re- 
mains the organism of choice for cloning and characterizing DNAs. Thus, when 
the final objective is to propagate the vector and express its genes in another 
organism, it is convenient to construct and to utilize a shuttle vector which can be 
propagated both in E. coli and in the other organism of choice. Clearly, a shuttle 
vector must contain two origins of replication—one for each host organism. 
Shown in Fig. 6.28 is the shuttle vector developed to express immune interferon 
(INF-;) in monkey cells. Here a 342-base pair fragment containing the origin of 
replication and the “late” promoter from SV40 is ligated to a cDNA fragment 
containing the pre-INF-y coding sequence and to a portion of pBR322 which 
includes the ampicillin resistance gene and the E. coli origin of replication. Trans- 
fection (infection of cells with naked viral DNA) of the transformed monkey cell 
line COS-7 gave 50-100 INF-y activity units per milliliter of culture fluid after 
three to four days. This example illustrates a major potential advantage of geneti- 
cally engineered mammalian cell hosts for synthesis of mammalian proteins —all 
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Figure 6.28 Diagram of the 
shuttle vector for E. coli and 
monkey cells which gives expres- 
sion and secretion of immune 
interferon in monkey cells (see 
Ref. 23). 
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processing and secretion steps should mimic more closely, if not exactly, those 
steps which occur in normal in vivo synthesis and transport of the protein. 

Efforts to introduce and express foreign genes in whole plants and animals 
are achieving increasing success. The technology involved is beyond the scope of 
this text. Clearly the potential for benefit to mankind is great. Along with prom- 
ise, the technical developments have been accompanied by an emerging literature 
on the potential impact of biotechnology on society (Ref. 24). 


6.4.6 Concluding Remarks 


The checklist in Table 6.8 serves as an excellent review for the topics of this 
section. We should remember that cloning the desired gene and expressing 
it effectively are done in separate, sequential operations. The importance of 
monitoring DNA manipulations by repeated restriction mapping and DNA 
sequencing cannot be overemphasized. 

The overview presented in this section, because of the scope of the overall 
text, is greatly abbreviated. Given the potential significance of recombinant DNA 
technology in future activities in biotechnology, further study of the underlying 
molecular biology and methods is essential to the biochemical engineer. Knowl- 
edge in these areas is a prerequisite to being able to read the contemporary 
biological sciences literature and to communicate with collaborating molecular 
biologists to develop an optimized organism and process. Gene expression 
levels, intracellular protease activities, genetic stability, and other factors which 
determine the productivity of recombinant populations all depend on the 
nucleotide sequence of the vector, on the genetic properties of the host cell, on 
medium composition, and on bioreactor configuration and operating conditions. 
Combined efforts of biochemical engineers and molecular biologists are essential 


Table 6.8 Summary of the sequence of steps 
required to clone a gene and express its 
protein product using recombinant DNA 
technology 


. Obtain DNA 

. Attach to plasmid vector 

. Transform 

. Identify desired clone 

. Grow culture and isolate plasmid 

- Determine DNA sequence of cloned DNA fragment 
. Design and construct expression plasmid 
. Transform 

. Identify desired clone 

. Grow culture and isolate plasmid 

. Check DNA sequence 

. Transform 

. Grow culture for protein production 
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to understanding causes and effects and interactions in genetically engineered 
organisms. 


6.5 GROWTH AND REPRODUCTION OF A SINGLE CELL 


We may define growth of an organism as an orderly increase in all its chemical 
constituents. When most single-celled organisms grow, they eventually divide. 
Consequently, growth of a population usually implies an increase in the number 
of cells as well as the mass of all cellular material: either parameter may be used 
to investigate cell growth quantitatively. Actually, several different measures of 
mass are in use. Macromolecular dry mass includes only the cell's macromolecu- 
lar components. This material plus the pool of low molecular weight materials in 
the cell is included in a total dry mass measurement. Cell volume or total cell 
mass is total dry mass plus water in the cell. 

In the following chapter we shall attempt to understand growth when many 
cells coexist in a nutrient solution. A simpler objective faces us in this section. 
Here we shall review the events of the cell cycle, which is the time interval 
between the formation of one cell by division of its mother cell and the subse- 
quent division of that one cell. Study of the cell cycle is a necessary preliminary 
to Chap. 7 for two reasons: (1) it will help us appreciate the difficulty of analyz- 
ing what happens when many coexisting cells are simultaneously growing and 
dividing, and (2) on the other hand, a rudimentary knowledge of the cell cycle 
will aid us in developing the necessary models in Chap. 7. 

The life cycle of a single cell may be represented schematically by either a 
circular or a linear map (see Fig. 6.29). In either case, cell division is the key 
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Figure 6.29 The events that occur between birth of a newborn cell and cell division may be repre- 
sented in (a) circular or (b) linear diagrams of the cell cyele-“D” denotes cell division. “A” denotes a 
point of initiation of DNA synthesis for this hypothetical cell. 
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benchmark. This point is conventionally the right-hand end of a linear diagram 


of the cell cycle, with the left-hand end denoting the smallest or youngest progeny 
cell. To describe the relative timing of other benchmarks of the cell cycle such as 
initiation and cessation of DNA synthesis, it is_often convenient to introduce a 
parameter a called the age or the cell cycle age of the cell. This coordinate 
typically varies during the cell cycle from zero for newborn cells to a value of ow 
the generation or doubling time of the organism, for dividing cells. In this intro- 
ductory discussion, we have implicitly assumed that cells divide in half to give 
identical progeny. While true in binary fission, other situations can arise in bud- 
ding, exemplified by the cell cycle of baker’s yeast, S. cerevisiae. 


6.5.1 Experimental Methods: Flow Cytometry and Synchronous Cultures 

While the interested reader is referred to Mitchison [2] for details on experimental techniques, we 
should at least outline the principal methods employed for experimental elucidation of the cell cycle. 
The most obvious approach, that of observation of a single cell as it passes through its cycle. is of 
limited value. It is time-consuming and the information it offers is restricted because measurements 
are difficult. Only in special cases is the method of much value. 

It would obviously be simpler to perform biochemical analyses on a large number of cells. 
Unfortunately, if we have many cells in suspension, it is highly probable that at any instant different 
individual cells are at different stages of the cell cycle; i.e., some of the suspended cells are very young, 
some are mature and on the brink of dividing, and others are in between. In such a heterogeneous 
population of individuals, with most conventional methods one measures averages and not character- 
istics of individuals. 

Methods of flow cytometry can be used to determine rapidly certain characteristics of individual 
cells within heterogeneous cell populations. A sample of cells is diluted and sometimes treated to label 
particular biochemical components. Then, this sample flows through a chamber on which measure- 
ments are made on individual cells as they pass through. Possible measurements include total single- 
cell volume by light scattering or by changes in flow stream resistivity. Light scattering may also be 
used to characterize single-cell morphology and internal structure. A broad repertoire of fluorescence 
labeling methods have been developed for flow cytometry. Different fluorescent markers can be 
applied to measure total cellular DNA, double-stranded RNA, protein, particular enzymes, and cell 
surface components. The instrumentation involved is discussed further in Sec. 10.3.2. 

One single-cell measurement by these flow methods requires about ! ms. Consequently, analysis 
of 105 cells requires only a few minutes. Data generated in this fashion are typically displayed as a 
distribution of some single-cell parameter (relative number of cells or frequency in the sample vs. 
single-cell light scattering intensity or fluorescence). For example. Fig. 6.30 shows experimental data 
on the distribution of single-cell DNA content in a Saccharomyces cerevisiae population grown in a 
continuous-flow reactor (see Chap. 7). Such data is intrinsically useful since it characterizes hetero- 
geneity in the cell population. In addition. we can frequently relate the shape of the measured fre- 
quency function to important parameters or charactertistics of single-cell growth and division. 

In order to apply conventional biochemical assay methods to study of the cell cycle, the inge- 
nious technique of synchronous culture has been developed. In the modern practice of the selection- 
synchrony version of this method. the first Step is collection of cells which are at the same stage of the 
cell cycle. This can be achieved by attaching cells to a solid support and washing off newborn 
daughter cells as they are formed. The cells leaving the column at any instant are all of the same age. 
hence synchronous. Another practice involves density-gradient centrifugation of a cell suspension: 
cells at different stages of the cell cycle generally separate because of differences in size and density. 
Then. the homogeneous population from a particular density zone is placed in a nutrient solution and 
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Figure 6.30 Relative cellular DNA 
content vs. relative number of cells 
in a population of bakers yeast 
(Saccharomyces cerevisiae) cells. 
Relative fluorescence of DNA of 
individual cells stained with propi- 
dium iodide was measured for 10° 
DNA/cell cells using a flow cytometer. 
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If we then monitor the number concentration of cells as a function of time. a stepwise increase in 
cell number is expected. This should occur because once every cell cycle, the number of cells should 
double. The experimental results in Fig. 6.31 illustrate this behavior. For at least the first two cycles, 
the population of cells appears to remain homogeneous and synchronized: all the cells are at approxi- 
mately the same point in their cycle at any instant of time. As already observed in Chap. 1, a 
homogeneous population is convenient to study experimentally since it provides a useful amplifica- 
tion (millions of cells instead of one) of individual characteristics. In this manner many features of the 
cell cycle can be studied in detail. 

Another common procedure in synchronous cultures is induction synchronization. Here, some 
environmental conditions are varied periodically in order to force a population into a synchronized 
stepwise growth pattern. Since the normal metabolic processes of the cells may be disturbed by such 
treatment, selection synchrony is a preferable practice for probing cellular physiology. 

We should note carefully that in Fig. 6.31 synchrony seems to be fading as growth proceeds. The 
initially stepwise increases in cell numbers gradually shifts to a more continuous pattern of growth. 
This occurs because the cell population is losing its homogeneity. Behind this tendency toward 
heterogeneity is the stochastic nature of cell growth and multiplication. The length of the cell cycle is 
not a definite, fixed quantity for any single cell. Thus, two initially identical daughter cells may divide 
at different times. However. the length of the average life cycle of a population of billions of cells is a 
well-defined number which is very useful in reactor design (Chap. 7). 

In the next two sections we will examine patterns of growth and macromolecular synthesis in an 
example procaryote, E. coli, and in the eucaryotic microorganism Saccharomyces cerevisiae. A central 
consideration in each of these discussions will be coordination between DNA replication and cell 
division. Obviously. before one cell can divide to give two progeny, a complete set of replicated 


Figure 6.31 Stepwise increases in cell numbers occur 
during synchronous culture of the yeast Schizosac- 
charomyces pombe. (Reprinted from J. M. Mitchison 
and W. S. Vincent.“ A Method of Making Synchronous 
Cell Cultures by Density Gradient Centrifugation,” in 
IL L. Cameron and G. M. Padilla feds.), “Cell 
Synchrony,” p. 328, Academic Press, New York, 1966.) 
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genetic instructions—the cell’s genome—must be synthesized. Thus, we can expect that DNA replica- 
tion and cell division must be closely coupled in order for the species to survive. 


6.5.2 The Cell Cycle of E. coli 

The simple procaryote E. coli divides by binary fission and can, in rich medium, attain doubling times 
of 20 minutes or less. E. coli is a rod-shaped bacterium whose length provides a reasonable measure 
of cell volume and cell mass. Microscopic observations of elongation of individual E. coli cells indi- 
cate that length increase occurs continuously over the cell cycle and appears to be well approximated 
by an increasing exponential function of time. Total protein increases through the cell cycle in a 
similar fashion. 

E. coli exhibits patterns of DNA synthesis during the cell cycle which can be quite complex and 
which differ substantially from replication timing in eucaryotic cells. Coordination of DNA synthesis 
and cell division in E. coli depends on a combination of regulatory and kinetic properties which are 
summarized next. 

Under many growth conditions giving different doubling times, the time for replication of the E. 
coli chromosome is approximately constant at a value around 40 minutes. During DNA synthesist 
the rate of advance of a replication fork (a point on the DNA where strand separation and DNA 
synthesis is occurring) is also constant. Hence, the rate of DNA synthesis is directly proportional to 
the number of active replication forks. DNA replication always begins at a particular initiation point, 
the origin of replication, on the chromosome. Two forks move in opposite directions from the origin 
of replication around the circular E. coli chromosome and converge at the terminus, at which point 
replication is complete. 

Cell division control is coupled with DNA synthesis: the bacterial cell divides approximately 
twenty minutes after a replication fork reaches the terminus of the chromosome. As summarized in 
Fig. 6.32, the situation is relatively simple when E. coli grows in a medium which supports one cell 
division per hour. DNA synthesis takes place at a constant rate for the first forty minutes of the cell 
cycle, and the cell synthesizes no DNA during the final twenty minutes of growth before division. 
However, growth of an E. coli cell with a doubling time of fifty minutes (say at a slightly higher 
temperature) implies a more complicated pattern of DNA synthesis in which a new set of replication 
forks begin synthesizing DNA 10 minutes before the cell divides. Consequently, DNA is synthesized 
during the final 10 minutes of cell growth at double the rate observed at any time in the slower 
growth case. We see that the kinetics of DNA synthesis in E. coli, and presumably in certain other 
bacteria, is complicated and exhibits discontinuities depending on the cell age and the generation 
time. 

Relatively few data exist at present on RNA synthesis during the cell cycle. The available 
evidence suggests that it is continuous. However, the composition of an RNA fraction believed to be 
mRNA has been observed to fluctuate. Consequently, the synthesis of individual proteins may also be 
expected to oscillate over several cycles. 

Such behavior has indeed been observed in a number of experimental studies dealing mostly 
with inducible and repressible enzymes. Synthesis of a large number of inducible enzymes can be 
induced in bacteria at any point in the cell cycle. Usually the rate of induced enzyme synthesis shows 
a stepwise increase in synchronous culture. This is presumably related to doubling of the number of 
genes for the enzyme as DNA replication occurs. Several possibilities arise in the case of repressed 
enzymes. If bacteria are grown under conditions where end-product repression is either minimal or 
maximal, the rate of enzyme synthesis is constant for an interval equal to the cell-cycle time and then 
doubles. On the other hand, there is regular periodic pattern of enzyme synthesis for intermediate 
levels of repression. Several experimental findings Suggest that this periodic behavior results from a 
stable oscillation in the cell’s feedback control system. 


* Throughout this discussion, “DNA synthesis” refers only to synthesis of chromosomal DNA. 
Plasmid replication will be considered later. 
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Figure 6.32 DNA synthesis rates and chromosome configurations in E. coli as a function of cell cycle 
age and of cell doubling time. The diagrams on the right represent one-half of the E. coli chromosome 
from the origin of replication to the replication terminus. Black dots denote replication forks. 


6.5.3 The Eucaryotic Cell Cycle 

At the outset we should recall that there is no such thing as a typical eucaryote. This imaginary cell, 
however, does serve as a useful device when discussing general features common to many eucaryotes, 
and we shall employ it in that sense here. 

To appreciate some of the possible differences, consider the increase in mass during the cell cycle 
of mouse cells and of cells of an amoeba (Fig. 6.33). While the mouse cells show a linear or exponen- 
tial increase of dry mass with time, the growth rate of the amoeba declines as the cell grows and is 
essentially zero during cell division. The second pattern is more typical of eucaryotes in general. 
Notice also the time scale for one generation of these eucaryotic cells—of the order of one day. Some 
eucaryotic microorganisms like yeast, however, can divide about once per hour under optimum 
conditions. 

In the eucaryotic cell cycle, there is more differentiation between various parts of the cycle than 
in procaryotes. The standard pattern of the eucaryotic cycle is given in Fig. 6.34. It is subdivided into 
four phases, G,, S, G}, and M, whose relative durations are indicated in the figure. In the G, phase, 
protein and RNA are actively synthesized, but DNA is not. Following the G, phase, the chromo- 
somes are replicated in the S phase. The significance of the G, phase is not fully understood at 
present. After its completion, cell division starts (M phase). Division in eucaryotes proceeds by a well- 
orchestrated process called mitosis. During mitosis, the two sets of chromosomes are separated and 
partitioned into each of the progeny cells. In nongrowing or very slowly growing cultures, sometimes 
cells enter a resting state which is designated Go. 

In contrast to the procaryotic linear pattern, enzyme synthesis is almost always periodic in 
Cucaryotes. A particular enzyme increases sharply in amount at a definite point of the cell cycle. The 
available evidence supports sequential transcription of DNA as the mechanism underlying this be- 
havior. 

' The organization of the eucaryotic cell cycle and an example of asymmetric cell division is 
illustrated by brief examination of the life cycle of the budding yeast S. cerevisiae. This is an impor- 
tant industrial microorganism in brewing, baking, food manufacture, and genetic engineering. As 
illustrated in Fig. 6.35, a mother cell grows a daughter cell as a bud and, upon division, the mother 
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Figure 6.33 Increase in mass of (a) mouse tissue cells and (b) Amoeba proteus cells during their 
respective cell cycles. The different curves in (b) are for six different individual cells. (fa) Reprinted 
from D. Killander and A. Zetterberg, “Quantitative Cytochemical Studies on Interphase Growth. I. 
Determination of DNA, RNA, and Mass Content of Age Determined Mouse Fibroblasts in vitro and of 
Intercellular Variation in Generation Time,” Exp. Cell Res., vol. 38, p. 272. 1965; (b) Reprinted from D. 
M. Prescott, “Relations Beiween Cell Growth and Cell Division. I. Reduced Weight, Cell Volume, 
Protein Content, and Nuclear Volume of Amoeba proteus from Division to Division,” Exp. Cell Res.. 
vol. 9. p. 328, 1953. ; 
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Figure 6.34 The sequence of events during a typical eucaryotic cell cycle. 


cell recycles to reenter the budding cycle quickly while the daughter, usually smaller than the mother, 
must grow for some time to achieve the condition called “start” which marks the beginning of the 
budding cycle. 

Initiation of the S phase coincides approximately with bud emergence. All unbudded cells are in 
the G, phase. Recalling now the distribution of single-cell. DNA contents for S. cerevisiae shown in 
Fig. 6.30, we can associate the first mode of the distribution with cells containing one genome, that is, 
cells in the G, phase. The second mode corresponds to cells with two genomes which are in either G, 
or M phase. By computer analysis of distributions such as this, we can rapidly determine the relative 
durations of G,, S, and G, + M intervals in S. cerevisiae and so study the influences of genetic 
changes and different environments on cell cycle regulation. 


Cell division cycle | 


Budding cycle Newborn 
daughter 
‘| Start’ JPod emergence Cell separation ay 
Mother cell 


Second 
À DNA l gap (G3) G, 
ee ) ~k synthesis Sedan and <> 
(S) nuclear 
division (M) 
| Nuclear cycle 


Figure 6.35 Summary of the cell cycle of the budding yeast S. cerevisiae. 
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In this section we have discovered a few of the intricacies of the cell cycle. 
Actually, disappointingly little is known about it. From our overview of cell 
metabolism in Chap. 5., we realize that an extremely complicated network of 
chemical reactions must be carefully coordinated in order to utilize nutrient effi- 
ciently. While much of the biochemistry of these reactions has been discovered, 
we have very little idea about how they are executed in vivo. Figure 6.36 reveals 
some intriguing data suggesting that there are indeed variations in the timing of 
many interacting reaction sequences within the cell. Thus, cellular reactions are 
often localized not only in space, as in immobilization of an enzyme at a mem- 
brane surface, but also in time. In view of these complexities, we must be both 
careful and humble as we face the task of mathematically representing the kinetic 
processes of living cells. 

This completes our foundation in biology. With the tools of the past chapters 
in hand, we are prepared to undertake engineering of process systems employing 
living cells. Analysis, modeling, and design of these biological processes will 
occupy most of our attention for the remainder of the text. In the next chapter, 
we consider the growth kinetics of cells. 


PROBLEMS 


6.1 Mutation frequency Mutation processes lead to a new species, the murant. As the DNA material 
is simply a chemical polymer, it presumably undergoes chemical and physical changes just like any 


other molecule. 
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Figure 6P1.1 Mutation rate in E. coli increases with temperature and ionizing radiation. (a) The effect 
of temperature on the incidence of mutation his~ (inability to synthesize histidine) to his* (ability to 
synthesize it). (b) The number of met-2* mutants (able to synthesize methionine) induced by exposing 
met-2~ colonies (nonsynthesizers) to increasingly large doses of x-rays. (R. Sager and F. J. Ryon, 
“Cell Heredity: An Analysis of the Mechanisms of Hereditary at the Cellular Level,’ John Wiley & 
Sons, Inc., New York, 1961.) 


(a) From the data in Fig. 6P.1.la calculate the activation energy of the mutation rate E,, and 
the preexponential factor ka, where km = k°, exp (— E,,/RT). How do these values compare with those 
noted in your freshman chemistry text for simpler chemical species undergoing chemical reactions? 

(b) Radiation absorption follows Beer’s law: every increment of target absorbs the same fraction 
of radiation incident upon that increment; therefore I(x) = Iye~**. Figure 6P1.1b shows a linear 
response of mutation appearance vs. initial intensity Jj. Under what condition has all the sample in 
Fig. 6P1.1b received an equal radiation dose? Would you expect to observe a linearity in the mutant- 
occurrence-vs.-dose curve when not all cells had received an equal dose? 

(c) The mutation rate in Fig. 6P1.1 refers to E. coli populations mutated from his~ (cannot 
synthesize histidine) to his* (Fig. 6P1.1a), and met-2~ (methionine) to met-2*. If all DNA alterations 
occur with the same probability as those deduced here, what is the total mutation rate for DNA of E. 
coli? State your assumptions clearly. Are these mutations of genotype or phenotype? 


6.2 Mutation repair and thermodynamics Provided that a large number of individuals are involved, 
the kinetics of mutation can be usefully described by conventional mass-action kinetics. 

(a) In a bacterial population of 1000 L of 3 x 107 cells per milliliter, the mutation of one gene 
g, to a second type g, occurs with a frequency of 10~® per cell division, and the mutation from g, to 
g, occurs at a frequency 1076 per cell division. Calculate the “equilibrium” concentrations of each 
species. 

(b) In cells able to repair damaged DNA enzymatically, it is reasonable to suppose that, since 
the enzyme exists, there is an equilibrium between normal and damaged DNA: 


k 
Normal ==> „damaged 
-1 


E 


repair 
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Suppose ultraviolet light opens a second forward path parallel to the first with rate constant k!. 
Show that the equilibrium population fraction of damaged DNA rises from k,/(k,; +k_,) to 
(ky + kk, +k! +k_,). 

(c) Show that when ultraviolet light is cut off, assuming that the K,, of the repair enzyme is 
much larger than the total DNA level, the average concentration of damaged DNA returns to its 
original value at a rate proportional to DNA(damaged)-DNA(damaged).qui. nouv- 

6.3 A very simple repressor kinetics model J. Maynard Smith sketches the kinetic control network 
shown in Fig. 6P3.1. 

(a) Assuming steady concentrations of P and gene, develop a kinetic model which could (if 
solved) predict the time behavior of RNA, M, and Z. Include a loss rate for RNA proportional to its 
concentration. Proceed as far as possible in obtaining a full transient solution. 

(b) From the discussion of this and preceding chapters, indicate whether diffusion should also 
be considered and what weakenesses this model may have. 


Gene 
[ 
mRNATLY 
Ribosome 
Enzyme |Z Figure 6P3.1 A simple repressor model. 
(From J. Maynard Smith, “Mathematical 
Ra = Precursor /deas in Biology,” fig. 30, Cambridge Uni- 
f E — P versity Press, London, 1971.) 


6.4 Mutation and the genetic code Amino acid changes as diagrammed below have been observed in 
mutant proteins. In each case, describe the codons involved and identify the type of mutation. 


`, Tyr 
nes” 
Lys 
HKG = 
——~ Val 
Thr 
(c) Arg =——— Met 
i: Trp 


6.5 Cell organization: multienzyme systems Many cellular reactions involve the enzyme-catalyzed 


formation of an intermediate S, between S, and S}, where the equilibrium concentration of S, is 
small relative to S, and S,: 


‘ k, k, 
i k, 7 hess 5 


If S,. eic.. are subsequently consumed by the next enzyme-catalyzed reaction, we may neglect the 
reverse of the second reaction. 


anon 


a a oY ons Ma 20 a! 


its 


also 


ed in 


alyzed 
`S, 1s 


ct the 


MOLECULAR GENETICS AND CONTROL SYSTEMS 367 


(a) Assuming s; < K; for each enzyme, show that the steady-state rate of reaction is given by 


R kosi k 
ate = st ree = ks 
kijki + k/k, ' 
if concentrations of S, and S,. E, and E, are spatially uniform. l 
(b) If E, exists on one face of a permeable slab and E, on the other, show that the steady-state 


reaction rate is now 


ks, 
1+ kKLk_,/k,@ 


Rate = 


and that this is less than S> egui Z/L, where L is the distance of separation between planes and s, 
is the concentration of S, equilibrated with the value of s,. 

(c) A typical oxygen consumption rate is 1078 mol;(s-cm>). Assuming internal metabolic rates 
to be of the same magnitude at every step, calculate the maximum separation between E, and E, 
which would allow this rate for values for S3 sequi = 1074 to 107'? mol/cm? (P. B. Weisz, “Enzymatic 
Reaction Sequences and Cytological Dimensions,” Nature, 195:772, 1962). 


. equi] 


6.6 Cell organization: ATP production and utilization The intact cell contains localized factories (or- 
ganelles) which must evidently supply the entire cell with various products. An interesting case which 
may be usefully examined in one dimension is that of the bull sperm: only the midpiece regenerates 
ATP, and the attached tail section consumes much of it during motion. 

(a) Assuming a zero-order reaction for ATP consumption at each point in the tail and a uni- 
form concentration co in the midpiece, show that the ATP profile in the tail is č = 1 — z(1 + 7,2) + 
$72z7/2, where œ is the Thiele modulus of the tail, z the dimensionless distance from the midpiece, and 
č the dimensionless concentration. 

(b) Each moving sperm consumes oxygen at 3.7 to 5.0 x 10° '8 mol/s for motility. With the aid 
of the following additional data, calculate the minimum ATP content of sperm needed to maintain 
diffusive transport to the tail. 


ATP diffusivity (corrected for tail water content and 
tortuosity) = 3.6 x 107° cm?/s 
Midpiece volume = 1.3 x 107'? cm? tail length = 5 x 107? cm 
Tail cross-sectional area (corrected for sheath and fibrous 
matter) = 3 x 107 !° cm? 
ATP yield per O, consumed = 6 


(c) The average observed ATP content is 200 x 107~'* mol per sperm. It has been claimed that 
one-third to one-half of ATP consumption is used for cell mitochondrial maintenance. Does your 
calculation in part (b) indicate the need for consideration of other than passive diffusional transport 
for proper internal distribution of ATP from the mitochondria localized in the midpiece (A. C. Nevo 
and R. Rikmenspoel, “Diffusion of ATP in Sperm Flagella,” J. Theoret. Biol., 26: 11, 1970). 


6.7 Target theory In an attempt to connect known molecular biology with viral, spore. or cell deacti- 
vation, the concept has been developed that “in each cell or in each organism. there are a number of 
‘targets, and that changes occur as a consequence of random ‘hits’ on these targets” (J. M. Smith. 
Mathematical Ideas in Biology, Cambridge University Press. London 1971. p. 87). Consider the 
following: R 

Suppose that a cell containing N targets is exposed to a dose of K particles. Let the probability 
that a particular particle will hit a particular target be p; clearly p is very small. 

The probability that a particular target is not hit by a particular particle is | — p. 

Hence the probability that a particular target is not hit by any one of the K particles is 


(1 = pk = e7"? 


(a) Noting that if K is large but p is small, Kp = (K — 1)p = (K — 2)p, establish the validity of 
the above approximation for this typical case (large K,.small p). 
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(a) (b) 


Figure 6P7.1 Observed values of infectivity S against dose for bacteria irradiated for different lengths 
of time after infection: (a) bacteriophage T7; (b) bacteriophage T2. (After S. Benzer, Resistance to 
Ultraviolet Light as an Index to the Reproduction of Bacteriophage, J. Bacteriol., vol. 63, p. 59, 1952.) 


(b) Show that when the proportion of damaged cells is smal! (damaged means sustaining one or 
more hits), “the proportion of cells damaged is NKp, i.e., it is proportional to the dose.” If there are, 
in contrast, few undamaged cells, show that, for this formulation, the survivor fraction s varies as 
In s= —NKp. ; 

(c) When more than one hit is required to damage a cell, the same arguments as used above can 
be applied. “A bacterium is infected by r similar bacteriophages, each containing N essential genes. 
Provided that at each of the N loci one gene is undamaged, a functional bacteriophage can be 
produced by recombination” (above reference). Show that if “the probability that any particular 
target escapes is small,” In s = N In r — NpK (here the r targets are the number of virus copies within 
the cell at the time of irradiation). 

(d) Show that your result in part (c) fits the data of Fig. 6P7.1a and evaluate each parameter 
possible. What phenomena might account for the behavior of Fig. 6P7.1b? 


6.8 Fate of mutant gene in breeding population Mutations occur frequently in populations. The per- 
sistence of a mutant gene is surprisingly high, yet the permanence low. For mating diploid popula- 
tions of N members, at the instant a mutant gene (allele) appears, it has a gene frequency 1/2N. The 
total population N is greater than the effective number involved in breeding N,. 

(a) For a mutation which is selectively neutral (mutant has no advantage or disadvantage vs. 
original species), the mean number of generations until loss (extinction) of the mutant gene is 
ti = 2(N,/N) In 2N, and the mean number of generations until fixation (defined as the achievement of 
gene frequency = 1.0) is t} = 4N,. Here r, is averaged over all Joss results only and t y over only all 
fixations. Taking N,/N = 0.5 for estimation purposes and a doubling time of 1 h, calculate t, and t, 
for 1 L of mating-cell population with density 107 cells per milliliter. 

(b) The distribution of values for t, and t, are relatively small and large with respect to the 
appropriate mean, as you can show by calculation from 


N 


16N,2 N. 2 
var t, = 4.58N var ty x — o 2 — in 2n) 
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(c) The probabilty that the mutant becomes fixed in the population is 


i — exp[—2(N,/N)s, ] 
= 1 — exp (—4N,s,) 


where s, is the selective advantage of the mutant vs. original gene. Show for the typical conditions in 
microbial populations that u = 2s,N,/N. Thus, even when the selective advantage is large (s, = 1 
percent = 1077), the likelihood that it will eventually dominate the culture is small (M. Kimura and 
T. Ohta. Theoretical Aspects of Population Genetics, Princeton University Press, Princeton, N.J., 
1971.) 


6.9 Natural selection The relative fitness w of a particular genotype x may be conveniently defined as 
the ratio of the survival rate for genotype x divided by the survival rate for the mean genotype x of 
the population. (The survival rate is the ratio of occurrence frequency at a point in time divided by 
the same term evaluated one generation earlier.) Suppose that the fitness of the genotype x varies 
linearly with the average phenotype expression: w(x) = 1 — a(X — x), where a is simply a measure of 
the intensity with which a difference x — x affects w(x), « > 0. By definition, g(x) is the normalized 
original genotype distribution [f g(x) dx = 1.0]. One generation later, the distribution has become 
g'(x) = w(x)g(x). 

(a) Evaluate x’ in terms of the mean x and variance g? of the original population [recall that 
mean = Í xg(x) dx, variance = f (x — X)?g(x) dx]. 

(b) Show that the change in X in one generation is proportional to o?, that is, “the rate 
of evolution is proportional to the genetic variance of the population” (fundamental theorem of 
natural selection) (E. O. Wilson and W. H. Bossert, Primer of Population Biology, pp. 79-83, Sinauer 
Associates, Stamford, Conn., 1971). 

(c) When w varies other than linearly with x, Wilson and Bossert claim that the value x’ — x 

is still “in some way proportional to the genotypic variance.” Pick several reasonable forms for 
w = f(x) and prove or disprove this statement. 
6.10 Multiple operator sites: regulation of the AP, promoter Repressor protein for the phage AP, 
promoter can bind to three different operator sites designated Og/, Og2, and Op3. As indicated in 
Fig. 6P10.1, binding of repressor to any site except Og3 blocks the Px promoter. Assume that 
repressor-operator binding is at equilibrium and that the equilibrium constants for repressor binding 
to the three sites are K,, K,, and K,, respectively. 


Pr 
r-t 
| 
Figure 6P10.1 Relative positions of 
ORI Or2 Orl the Pg promoter and the three 
| operators Orl, Op2, and Op3 in 
gee E E phage 4. 


(a) Develop a general equation for the fraction of Px promoters accessible for RNA polymerase 
binding in terms of the equilibrium constants and the total amount of repressor protein and PpOp 
sequences in the cell. 

(b) Evaluate the fraction of accessible promoters for a cell containing 25 PpO, sequences and 70 
repressor molecules. K,, K,, and K, are 125 x 10° M~!, 1.25 x 108 M~!, and 1 x 109M7}, respec- 
tively. What is the physical significance of this result? 

(c) The previous analysis was based on classical thermodynamics. When calculating interactions 
of small numbers of different molecules in cells in populations, a different approach based on statis- 
tical thermodynamics is more rigorous. Reconsider the previous questions in light of the theory 
Presented in O. G. Berg and C. Blomberg: “Mass Acticm Relations in vivo with Application to the 
Lac Operon,” J. Theoret. Biol., 67: 523 (1977). 


ġo 
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6.11 Procaryote and eucaryote DNA replication rates (a) Unwinding of double-stranded DNA is 
required during replication. Supposing there are two swivel points at which twist in the molecule can 
be relieved, what is the rotation rate in rpm of the DNA at these swivel points for E. coli in which the 
entire chromosome is synthesized in 41 min. (b) The S-phase in a mammalian cell line, with_genome 
containing 1.1 m of double-stranded DNA, lasts 4.8 h. If DNA chain growth rates are the same as in 
E. coli, how many replication forks are active simultaneously? 
6.12 Recombinantion of DNA fragments Two double-stranded DNA molecules, 1 and 2, are cleaved 
by the restriction endonuclease EcoRI. (One strand of each of these DNAs is shown below.) The 
resulting fragments are mixed, allowed to recombine, and covalently closed with DNA ligase. List all 
of the possible reaction products. 
DNAI: 
(5) CGATAGAATTCAGTCAA (3’) 
DNA 2: 
(S)YGAATTCGGTTCGAATTCG (3’) 


6.13 Restriction mapping The relative positions of restriction sites in a DNA fragment are determined 
by complete or partial digestion of the DNA by the restriction enzymes and subsequent size analysis 
by gel electrophoresis. A HindIII fragment of size 3.0kb is treated by EcoRI, by BglII, and by a 
_ mixture of these enzymes, respectively. Gel electrophoresis shows the products consist of two frag- 
ments of sizes 1.4 and 1.6 kb, three fragments of sizes 0.4, 0.9, and 1.7 kb, and four fragments of sizes 
0.4, 0.5, 0.9, and 1.2 kb, respectively. Determine the restriction map for this fragment. 

6.14 Primer for interferon cDNA To maximize the probability of cloning cDNA which codes for 
fibroblast interferon (IFN-f), it is useful to use an oligodeoxyribonucleotide primer complementary 
to the S’-end of the mRNA coding sequence. The first four amino acids at the amino-terminus of the 
protein are 


Met-Ser-Tyr-Asn 


List all of the possible corresponding mRNA nucleotide sequences and the set of primers which 
should be considered. Be careful to identify 3’- and 5’-termini in each case. 

6.15 Intracellular protein production by recombinant cells Order of magnitude estimates of the bio- 
reactor capacity needed to produce a specified amount of a cloned gene product which accumulates 
in the cell can be made quite simply. Suppose that a recombinant E. coli strain accumulates a foreign 
protein expressed from a plasmid gene at a level of 30 percent of total cell protein. If the cells can be 
grown to a density of 10° cells/mL. how much protein product can be made per liter of bioreactor 
capacity? 
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KINETICS OF SUBSTRATE UTILIZATION, 
PRODUCT FORMATION, AND 


BIOMASS PRODUCTION IN CELL CULTURES 


When a small quantity of living cells is added to a liquid solution of essential 
nutrients at a suitable temperature and pH, the cells will grow. The growth 
processes of interest to us have two different manifestations according to the 
morphology of the cells involved. For unicellular organisms which divide as they 
grow, increases in biomass (mass of living matter) are accompanied by increases 
in the number of cells present. This case, which confronts us with a problem in 
population growth, will occupy most of our attention in this chapter. When con- 
sidering growth of molds, however, the situation is quite different. Here the 
length and number of mycelia increase as the organism grows. The growing mold 
thus increases in size and density but not necessarily in numbers. 

Associated with cell growth are two other processes: uptake of some material 
from the cell’s environment and release of metabolic end products into the sur- 
roundings. As we shall see below, the rates of these processes vary widely as 
growth occurs. While a general predictive capability will elude us, past experience 
has shown that among the many cell cultivation processes known, a few general 
patterns of substrate utilization and product formation occur frequently. By re- 
viewing them, we shall be better prepared to cope with new problems in applica- 
tion of growing cells. 

The complexity of the kinetic description which is required and appropriate 
depends in turn on the complexity of the physical situation and the intended 
application of the kinetics. Before considering specific cases and their kinetic 
representation, we should have some awareness of the spectrum of possibilities 
for reactions in cell populations. In this discussion we shall focus on cell growth, 
but similar concepts, comments, and situations apply to other aspects of chemical 
reactions in cellular processes. es - 
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Figure 7.1 Summary of some of the important paramaters, phenomena, and interactions which deter- 
mine cell population kinetics. 


Let’s begin by thinking about a growing cell population in the most general 
and hence most complicated terms. Then, we shall consider simplifications that 
can usefully be introduced and the situations in which they apply. Summarized in 
Fig. 7.1 are some of the parameters, phenomena, and interactions which influence 
the kinetic behavior of cell populations. First, we must recognize that two inter- 
acting systems are involved—the biological phase consisting of a cell population 
and the environmental phase or growth medium. Cells consume nutrients and 
convert substrates from the environment into products. The cells generate heat 
and, in turn, the medium temperature sets the temperature of the cells. Mechani- 
cal interactions occur through hydrostatic pressure and flow effects from the 
medium to the cells and from changes in medium viscosity due to accumulation 
of cells and of cellular metabolic products. 

Turning now to the different factors important in the medium, we must note 
that it is a multicomponent system which must contain all of the required nutri- 
ents for cell growth and which will accumulate, as the cells grow, various end 
products of cellular metabolism. Reactions can occur in the medium solution 
modifying the form of cell products. Hydrolysis of penicillin is one example. 
Often, the cells consume or produce components which influence the acidity of 
the environment, and the interplay of cellular consumption with acid-base equi- 
libria determines medium pH which in turn influences cellular activities and 
transport processes. During the course of cellular reactions, the broth tempera- 
ture, pH, ionic strength, and rheological properties may change with time. 

The cellular environment is often a multiphase system consisting of liquid 
with dispersed gas bubbles, of a liquid-liquid system in which immiscible liquid 
phases are present, or sometimes a three-phase system with two liquid and one 
gas phase. Important recent developments in bioreactor research and develop- 
ment involve intentional addition of substances to the environment in order to 
create multiple liquid or solid phases to accomplish desired separations simulta- 
neously with cellular reactions. Because of the scale of the tanks in which biologi- 
cal reactions are conducted and the high viscosity and non-Newtonian nature of 
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the broth in some situations. it is not uncommon for conditions within the bio- 
logical reactor to differ from point to point in space. All of these environmental 
variables and parameters can influence cell kinetics significantly. 

Turning next to the important features of the cell population, we recall from 
our previous discussions that each individual cell is a complicated multicompo- 
nent system which is frequently not spatially homogeneous even at the single cell 
level. Many independent chemical reactions occur simultaneously in each cell, 
subject to a complex set of internal controls. These internal controls endow the 
cells with the capability and propensity to adapt the activity and even the types 
of chemical reaction steps which occur in the cell as a function of cellular envi- 
ronment. In long term cultivation of a cell population, spontaneous mutations 
may accumulate or the reactor System may impose a selection pressure which 
results in a slow drift in the genetic makeup of the strain. Furthermore, in a 
growing cell population, one encounters significant cell-to-cell heterogeneity. 
That is, on the single-cell level, different cells in the population at a given point in 
time and a given small region in space vary with respect to age (some are new- 
born, relatively young cells while some are older and some are dividing) and with 
respect to chemical activity. As we saw in our discussion of the cell cycle in the 
previous chapter, cells of different ages are often characterized by different types 
of metabolic functions and activities. 

Clearly, it is not practical or possible to try to formulate a kinetic model 
which includes all of the features and details mentioned in Fig. 7.1. We shall next 
examine some of the approximations which allow simplification of this picture 
and useful representations of cell population kinetics. First, with respect to the 
environment, it is common practice to formulate the growth medium so that all 
components but one are present at sufficiently high concentrations that changes 
in their concentrations do not significantly affect overall rates. Thus, a single 
component becomes the rate-limiting nutrient, and we need consider only the 
concentration of this one component when analyzing the effects of medium com- 
position on cell growth kinetics. Occasionally, it is necessary to include other 
medium components, such as an inhibitory product which accumulates in the 
medium, in order to obtain a suitable description of cell kinetics. Concerning the 
other environmental parameters, often it is reasonable to assume that changes in 
these parameters do not significantly affect microbial kinetics over the time scale 
or within the range of variation encountered in a typical experiment or typical 
Process situation. Also, external controls on the bioreactor may regulate and 
maintain constant some environmental Parameters such as pH, temperature, and 
dissolved oxygen concentration. On the other hand, it may be necessary in some 
Cases to include a multicomponent and multivariable description of the environ- 
ment in the model in order to represent adequately the desired range of kinetic 
behavior. 

A conceptual view of different approximations and representations which are 
useful for the cellular phase of the system is summarized in Fig. 7.2. This perspec- 
tive, first presented by Arnold Fredrickson and Henry Tsuchiya, classifies ap- 
Proaches to microbial systems according to the number of components used in 
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Figure 7.2 Different perspectives for cell population kinetic representations. 


the cellular representation and whether or not the cells are viewed as a heteroge- 
neous collection of discrete entities, as they really are, or instead as some kind of 
average cell which becomes almost the same conceptually as a component in 
solution. Cellular representations which are multicomponent are called struc- 
tured, and single component representations are designated unstructured. Consid- 
eration of discrete, heterogeneous cells constitutes a segregated viewpoint, while 
an unsegregated perspective considers average cellular properties. As indicated in 
Fig. 7.2 the actual situation is a structured, segregated one. If cell-to-cell hetero- 
geneity does not substantially influence kinetic processes of interest, one may 
introduce the “average cell approximation” and simplify the segregated view- 
point to an unsegregated perspective. In a growth state called balanced growth, 
all cellular synthesis activities are coordinated in such a way that the average 
cellular composition is not affected by proliferation of the population. In this 
situation, models which ignore the multicomponent nature of cells may be ade- 
quate. As we shall see below, it is common to assume the most idealized situa- 
tion, namely an unsegregated, unstructured model, when analyzing and 
describing growth of cellular populations. 

However, we shall also see a number of contexts in which there are advan- 
tages to a more complicated view of the biological phase of the system. First, in 
unsteady-state growth as obtains, for example, in conventional batch fermenta- 
tion, balanced growth conditions are approximated only during a portion of the 
process, and it is well documented that cellular composition and the types of 
reactions conducted by the population can change substantially over the course 
of the batch process. In such a case, more detailed models can be useful. Further- 
more, by employing a structured model, one can utilize directly in the kinetic 
representation known features of the biochemical reaction network in the cell. 
Similarly, known features of the cell cycle may be readily incorporated and used 
to enhance the validity and range of application of a kinetic model for a cell 
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population by use of a segregated approach. In segregated models, single-cell 
kinetics and regulatory features are essential and central features. 

Living cells are extremely small systems, and they do not contain large 
numbers of molecules of any chemical component. Remembering that we usually 
deal with numbers of molecules of the order of 1077: the numbers listed in Table 
5.6 are quite small. As an extreme case, since there is only one DNA molecule in 
a slowly growing bacterium, how can we justify speaking of a “DNA concentra- 
tion in the cell”? Similar comments could be made about trace ions, the contents 
of organelles, and many other components within the cell. Although some models 
described below will employ continuum representations of intracellular events, 
we must view these as engineering approximations of a typical cell in a popula- 
tion of cells as is shown below. Because of the small numbers of molecules in- 
volved, reactions and mass transfer processes within individual cells should be 
treated as random events. Although stochastic population models can be 
constructed to attempt to treat such phenomena, these models have not shown 
significant advantages relative to simpler deterministic ones. 

The precision of a deterministic description of a population as small as a 
typical inoculum (10° cells) conveniently illustrates the predictability of cell- 
population behavior. For example, let the distribution of generation times t re- 
sulting from sampling individual cells be the normal distribution 


1 —(t—f) 
P(t) = is Ace 
k z| ~ 


and take F= 1 and the standard deviation g to be 0.5. Then, with 95 percent 
confidence, we know that the generation time of a single cell is 


tonecen = E+ 1.960 = 1.0 + 0.98 


Now consider a cell suspension containing many cells, say m. Assuming that 
each of the m cells grows independently of the others, the cell suspension contains 
m independent samples. Then the 95 percent confidence limit on generation time 
for this population is 2¢,,,, where 


_ 0.980 


Õ sop = 
pop /m 

Consequently, the uncertainty in the population generation time diminishes 

rapidly as m becomes large. Taking o = 0.5 and F = 1.0 as before, for example, 

the 95 percent confidence limits for the population f vary with m as given below: 


95°, confidence 
m limits on f 


l t = 1 + 0.98 
10* t = 1 + 0.0098 
108 t = 1 + 0.000098 
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Such an exercise simply reminds us that, as with other stochastic processes 
involving relatively large numbers of events (such as fluid-transport phenomena 
or chemical reactions), the course of a change in population characteristics can 
be predicted quite precisely even when the standard deviations for individual 
characteristics are large. Following the progress of an inoculum growing from 
10* to 10° cells per milliliter evidently involves sufficient averaging at all stages to 
give a well-defined value to the population generation time. In this same sense, 
we may speak sensibly of the rate of DNA synthesis in a typical cell in a popula- 
tion even though in each individual cell only one or two molecules are being 
assembled at an instantaneous rate which may be quite different from the mean. 

It is impossible to discuss kinetics in the absence of some reactor configura- 
tion for measuring or evaluating those kinetics. In the following section, we shall 
briefly summarize the pertinent material balances for two ideal types of bioreac- 
tors. Then, we shall begin our consideration of kinetics in the upper left-hand 
corner of Fig. 7.2, dealing with the simplest types of growth, substrate utilization, 
and product formation kinetics models. In subsequent sections of the chapter, we 
will explore other domains of the matrix in Fig. 7.2 and try to obtain some 
appreciation of the value of different types of perspectives, conceptual and mathe- 
matical, on cell population kinetics. In general, formulating a useful kinetic 
model of a cell population is an art which requires consideration of the intended 
end use of the kinetic model, careful thought and experiment to identify the key 
variables and parameters which influence the processes of primary interest, and 
some conceptual and mathematical agility in translating this qualitative view of 
the system into a workable mathematical representation. 


7.1 IDEAL REACTORS FOR KINETICS MEASUREMENTS 


It is difficult to obtain useful kinetic information on microbial populations from 
reactors that have spatially nonuniform conditions. Hence it is desirable to study 
kinetics in reactors that are well mixed. We examine here well-mixed batch reac- 
tors and well-mixed continuous flow reactors. Other configurations, including 
fed-batch reactors and reactors with nonideal mixing, are considered in Chap. 9. 


7.1.1 The Ideal Batch Reactor 


Many biochemical processes involve batch growth of cell populations. After seed- 
ing a liquid medium with an inoculum of living cells, nothing (except possibly 
some gas) 1S added to the culture or removed from it as growth proceeds. Typi- 
cally in such a reactor, the concentrations of nutrients, cells, and products vary 
with time as growth proceeds. 

A material balance on moles of component i shows that. the rate of accumu- 
lation of component i, given by the time derivative of the total amount of com- 
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ponent i in the reactor, must be equal to the net rate of fermation of component i 
due to chemical reactions in the vessel. Thus, 


d{/culture \/molar concentration 
dt ie) of component i 


culture moles i formed by reaction 
- (7.1) 


volume unit culture volume: unit time 


or 
It Ve Ci Vals, (7.2) 


where 
V = culture volume 


moles i 


C m 
' unit culture volume 


moles i formed by reaction 


fi ~~ unit culture volume - unit time 


If no liquid is added to or removed from the reactor and if gas stripping of 
culture liquid is negligible, then Vg is constant, and Eq. (7.2) reduces to 


dc; 

dt = ry; (7.3) 
We should note here that a similar balance may be formulated in terms of mass 
or number density of a component. Also, if component i is contained in a gas 
stream entering or leaving the reactor, then corresponding terms giving the net 
rate of component i addition to the reactor by gas flow must by added to the 
above material balances. 

We can see from Eq. (7.3) that measurement of the time rate of change of 
component i concentration allows direct determination of the overall rate of i 
formation due to reactions (including those in the cell) which take place in the 
batch reactor. In general, the rate of formation r,, depends upon the state of the 
cell population (composition, morphology and age distribution, etc.) and all en- 
vironmental parameters which influence the rates of reactions in the cells and in 
the medium. However, as we discussed in this chapter’s introduction, simplifica- 
tions which include only the most influential parameters are usually introduced 
into the kinetic representation. In subsequent sections, we shall see how reaction 
stoichiometry and reaction rates are related to the rate of formation. 
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7.1.2 The Ideal Continuous-Flow Stirred-Tank Reactor (CSTR) 


Two diagrams of this process are shown in Fig. 7.3a, which illustrates a labora- 
tory implementation, and Fig. 7.3b, which is a schematic diagram of a completely 
mixed continuous stirred-tank reactor (CSTR). Such configurations for cultiva- 
tion of cells are frequently called chemostats. As this figure suggests, mixing is 
supplied by means of an impeller, rising gas bubbles, or both. We assume that 
this mixing is so vigorous that each phase of the vessel contents is of uniform 
composition; i.e., the concentrations in any phase do not vary with position 
inside the reactor. The schematic indicates an important implication of this com- 
plete-mixing assumption: the liquid effluent has the same composition as the 
reactor contents. 
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Figure 7.3 CSTRs for continuous cultivation of cell populations: (a) major components of a labora- 
tory CSTR for growing cells: (b) the notation usually used in modeling and analysis of these reactors. 
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Because of complete mixing, the dissolved-oxygen concentration is the same 
throughout the bulk liquid phase. This is of crucial importance in considering 
aerated CSTRs, for it means that we can often decouple the aerator or agitator 
design from consideration of the reaction processes. So long as the aeration 
system maintains dissolved oxygen in the CSTR above the limiting concentra- 
tion, we can view analysis of the cell-kinetics aspects of the system as essentially a 
separate problem. Similar logic is also usually applied to the heat-transfer prob- 
lems which can accompany microbial growth. So long as the vessel is well stirred, 
has adequate heat removal capacity, and is equipped with a satisfactory tempera- 
ture controller, we can assume that it is isothermal at the desired temperature 
and proceed with investigation of microbial reaction processes. These approaches 
are implicitly adopted in much of the discussion which follows. 

In the steady state, where all concentrations within the vessel are indepen- 
dent of time, we can apply the following material balance to any component of 
the system: l 

k of addition l i of removal l = of formation l 


at (7.4) 
to reactor from reactor within reactor 


Letting Vp denote the total volume of culture within the reactor as before, the 
steady-state CSTR material balance may be written 


F(ciz — ci) + Vary, = 9 l (7.5) 


where F = volumetric flow rate of feed and effluent liquid streams 
c; = component i molar concentration in the feed stream 
c;= component i concentration in the reaction mixture and in the effluent 
stream. 


Rearranging Eq. (7.5), 


rr. = 7 (Ci — cir) = D(c; — Cip) (7.6) 


i Vr 
we see that the rate of formation may be easily evaluated based upon measure- 
ments of the (steady) inlet and exit concentrations. As noted in Eq. (7.6), the 
parameter D, called the dilution rate and defined by 


D= A (7.7) 
characterizes the holding time or processing rate of the CSTR. The dilution rate 
is equal to the number of tank liquid volumes which pass through the vessel per 
unit time. D is the reciprocal of the mean holding time or mean residence time 
more familiar in chemical reaction engineering. Because D is almost universally 
employed in the biochemical engineering literature, however, we shall con- 
sistently employ the dilution rate concept and notation. 

Comparing Eqs. (7.3) and (7.6), we can-see that kinetics determinations are 
more straightforward for a CSTR since we do not need to measure the time 
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dependence of a concentration and then differentiate data as batch reactor analy- 
sis requires. Studying cell population kinetics in a CSTR has another important 
advantage in that the cell population can adjust to a steady environment and 
achieve or closely approximate a state of balanced growth. Thus, there is the 
benefit of obtaining a relatively well-defined, reproducible state for the cells. This 
is more difficult to achieve routinely in batch cultivation. On the other hand, 
batch experiments can be done in a flask, several at a time, in an incubator 
shaker. The equipment required for CSTR experiments is more expensive and 
more complicated. Achieving steady-state conditions in a biological CSTR may 
take hours or days, magnifying the possibility of contamination which ruins the 
experiment. Finally, since the large-scale process will likely involve batch opera- 
tion with all of the attendant complications of transient, unbalanced growth and 
different metabolic responses and activities at different times in the batch, kinetic 
models based on steady-state CSTR data may not be appropriate. Again, the 
guiding principle in experimental study and mathematical representation of 
microbial and higher cell population kinetics is careful definition of the intended 
application and scope of use of the kinetics. Based upon these requirements, the 
experimental and mathematical modeling programs can be formulated. 

We next turn to the simplest class of cell population growth models. Because 
the central principles of these kinetic representations were discovered and have 
been most fully characterized by chemostat experiments, we focus our attention 
first on growth in a CSTR. 


7.2 KINETICS OF BALANCED GROWTH 


In our beginning attempts to model and understand cell population kinetics, we 
shall use unstructured models in which only cell mass or number concentrations 
will be employed to characterize the biophase. The net rate of cell mass growth, 
rx, is often written as ux where x is the cell mass per unit culture volume and p, 
which has the units of reciprocal time, is the specific growth rate of the cells. 
Using this representation in a steady-state CSTR material balance for cell mass 
gives 

Dx, = (D — p)x (7.8) 


Often the liquid feed stream to a continuous culture consists only of sterile 
- nutrient, so that x» = 0. In this case Eq. (7.8) reveals that a nonzero cell popula- 
tion can be maintained only when 


D= qp (7.9) 


i.e., when the culture has adjusted so that its specific growth rate is equal to the 
dilution rate. When Eq. (7.9) is satisfied, it appears that Eq. (7.8) does not deter- 
mine x when the feed is sterile. Experiments with continuous culture of Bacillus 
linens have confirmed the indeterminate nature of the population level. After a 
steady continuous operation was achieved at the 6-h point (Fig. 7.4), two subse- 
quent interruptions of the culture were imposed. In each case, a portion of the 
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Figure 7.4 As Eq. (7.9) indicates, 
the population concentration in 
continuous culture is indetermi- 
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reactor contents consisting of cells plus medium was removed and replaced by 
medium alone. Following each interruption. the system achieved a new steady 
population of different size. 


7.2.1 Monod Growth Kinetics 


The behavior displayed in Fig. 7.4 can occur only when the specific growth rate 
is independent of x and s. (Here s denotes the mass concentration of limiting 
substrate). The indeterminate nature of the system disappears if a particular 
nutrient is growth-rate limiting. | 

Before discussing details of the dependence of growth rates on nutrient sup- 
ply, we should review the general ideas and practices for construction of cell- 
culture media. We distinguish two types of media according to their makeup. A 
synthetic medium is one in which chemical composition is well defined. As Table 
7.1 shows, such media can be constructed by supplementing a mineral base with 
the necessary carbon, nitrogen, and energy sources as well as any necessary vita- 
mins. In addition to providing necessary ions for proper cell function, the mineral 
base of the medium also contains buffering compounds to reduce large pH fluc- 
tuations during growth. Compiex media contain materials of undefined composi- 
tion. For example, in Table 7.1, medium 4 is complex because the exact chemical 
makeup of the yeast extract is unknown. Other common complex media include 
beef broth, blood-infusion broth, corn-steep liquor, and sewage. 

The general goal in making a medium is to support good growth and/or high 
rates of product synthesis. Contrary to intuitive expectation, this does not neces- 
sarily mean that all nutrients should be supplied in great excess. For one thing, 
excessive concentration of a nutrient can inhibit or even poison cell growth. 
Moreover, if the cells grow too extensively, their accumulated metabolic end 


_ products will often disrupt the normal biochemical processes of the cells. Conse- 


quently, it is common practice to limit total growth by limiting the amount of 
one nutrient in the medium. . 

If the concentration of one essential medium constituent is varied while the 
concentrations of all other medium components are kept constant, the growth 
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Table 7.1 Some examples of synthetic and complex media‘ 


Additional ingredients 
Common ingredients 


(Mineral base) Medium 1? Medium 2t Medium 3? Medium 4! 
Water, I L NH,CI, i g Glucose,’ 5 g Glucose, 5 g Glucose, 5 g 
K,HPO,. 1 2 NH, Cl, 1 g NH, Cl, 1 g Yeast extract, 5 g 
MgSO, .7H,O, 200 mg Nicotinic acid, 
FeSO,-7H,O, 10 mg 0.1 mg 
CaCl,, 10 mg 
Trace elements (Mn, Mo, 

Cu, Co. Zn) as 


inorganic salts, 
0.02-0.5 mg of each 


t R. Y. Stanier, M. Doudoroff, and E. A. Adelberg, The Microbial World, 3d ed., p. 79, Prentice- 
Hall, Inc., Englewood Cliffs, N.J., 1970. 

t Synthetic. 

* Complex. 

“ If the media are sterilized by autoclaving, the glucose should be sterilized separately and added 
aseptically. When sugars are heated in the presence of other ingredients, especially phosphates, they 
are partially decomposed to substances that are very toxic to some microorganisms. 


rate typically changes in a hyperbolic fashion, as Fig. 7.5 shows. A functional 
relationship between the specific growth rate u and an essential compound’s 
concentration was proposed by Monod in 1942. Of the same form as the 
Langmuir adsorption isotherm (1918) and the standard rate equation for 
enzyme-catalyzed reactions with a single substrate (Henri in 1902 and Michaelis 
and Menten in 1913), the Monod equation states that 


HS 
= ome 7.10 
ae ee (7.10) 


Here ji, is the maximum growth rate achievable when s > K, and the concen- 
trations of all other essential nutrients are unchanged. K, is that value of the 
limiting nutrient concentration at which the specific growth rate is half its 
maximum value: roughly speaking, it is the division between the lower concen- 
tration irange, where i is strongly (linearly) dependent on s, and the higher range, 
where r becomes independent of s. As shown in Fig. 7.5, K, values for E. coli 
strains prowing in glucose- and tryptophan-limited media are 0.22 x 1074 M and 
L1 ng/m1., respectively, 

From our earlier examination of the cell’s biochemistry, it is apparent that 
the Monod equation is probably a great oversimplification. As in other areas of 
engineciing, however, this is a case where a relatively simple equation reasonably 
express- interrelationships even though the physical meaning of the model 
parameters is unknown or perhaps does not exist. In some special instances, 
however we may attach physical significance to the Monod equation. One of the 
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Figure 7.5 Dependence of E. coli specific growth rate on the concentration of the growth-limiting 
nutrient: (a) glucose medium and (b) tryptophan medium (for a tryptophan-requiring mutant). / From 
R. Y. Stanier, M. Doudoroff, and E. A. Adelberg, “The Microbial World” 3d ed., p. 315, 1970. Reprinted 
by permission of Prentice-Hall, Inc., Englewood Cliffs, New Jersey.) 


clearest of these involves growth rate limitation by permease-mediated membrane 
transport rate (recall Sec. 5.7). 

The particular form of Eq. (7.10) is appealing; its simplicity urges several 
warnings upon the user. First, the value of K, is often rather small. Thus s can be 
> K, rather easily, and the term s/(K, + s) may be regarded simply as an ade- 
quate decription for calculating the deviation of u from p,,,, as the concentration 
s becomes smaller. The relation also suggests that the specific growth rate is finite 
(u #0) for any finite concentration of the rate-limiting component. Generally, 
this implied behavior is not well tested for s < K,. 

When population growth rate is related to limiting nutrient equation by a 
relationship such as the one proposed by Monod, definite connections emerge 
among reactor operating conditions and microbial kinetic and stoichiometric 
parameters. To show this, we write a mass balance on limiting substrate which 
couples to the cell mass balance since u depends on s. In the substrate balance we 
make use of the yield factor Yx, introduced in Sec. 5.10.1, 


mass of cells formed 


xis = mass of substrate consumed one 
The steady-state mass balance on substrate is then 
D(s; — s) — a ux =0 
Yxis 
or, taking u from Eq. (7.10), 
Dig) a 8 (7.12) 
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The corresponding cell mass balance is 
UmaxS 
(g= — D) x+ Dx, =0 (7.13) 


Equations (7.12) and (7.13) are often called the Monod chemostat model. 
For the common case of sterile feed (x, = 0), these equations can readily be 
solved for x and s to yield 


DK 
_—~ “sterile feed — Yx/s (s Fie er oo. (7.14) 
Hmax — D 
and 
| DK, 
va Ssterilefeed — i —D PrE (7.15) 


max 


Equations (7.14) and (7.15) contain the explicit steady-state dependence of x 
and s on flow rate (D = F/V). For very slow flows at a given volume, D > 0; thus 
s tends to zero. Since nearly all feed substrate is consumed by the cells, the 
resulting effluent cell-mass concentration is x = sẹ Yx- 

As D increases continuously, s increases first linearly with D and then still 
more rapidly as D > y,,,,. The cell-mass concentration x declines with the same 
functional behavior: first linearly in D, then diminishing more rapidly as D> 
Umax At some point as D approaches y,,,,, x becomes zero. The dilution rate D 
has just surpassed the maximum possible growth rate, and the only steady-state 
solution is x = 0. This condition of loss of all cells at steady state, termed wash- 
out, occurs for D greater than Dmax, where, if x = 0 in Eq. (7.14) 


s 
Dees (7.16) 
K, + Sy 
The character of these solutions for substrate and cell-mass concentration is 
shown in Fig. 7.6 for the following parameter values: 


Umax = 1.0h7? Ys = 0.5 K,=O02g/L  s;=10g/L 


Notice that near washout the reactor is very sensitive to variations in D; a small 
change in D gives a relatively large shift in x and/or s. 

This sensitivity must be kept in mind if production of cell mass is the objec- 
tive of the continuous cultivation. The rate of cell production per unit reactor 
volume is Dx. This quantity is illustrated in Fig. 7.6, and there is a sharp maxi- 
mum. We can compute the maximal cell output rate by solving l 


mat) (7.17) 


where Eq. (7.14) is used to write x as a function of D. Solution of Eq. (7.17) gives 
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Figure 7.6 Dependence of effluent substrate concentration s. cell concentration x, and cell production 
rate xD on continuous culture dilution rate D as computed from the Monod chemostat model 
(lmas = 1 h71, K, = 0.2 g/L, Ygs = 0.5, s; = l0 g/L). 


If s; > K,, as often is the case, the value of Dax oupur approaches faas and conse- 
quently is near washout. This situation, evident in Fig. 7.6, may require us to 
forgo maximal biomass production in order to avoid the region of large sensitiv- 
ity. Inclusion of the practical aspects of sensitivity, controllability, and reliability 
into optimization problems such as this must not be forgotten in the pursuit of 
more easily quantified objectives. 

When analyzing the production of end products from a continuous fermenta- 
tion, we introduce another yield coefficient Yp-x, defined by 


mass of product formed 
Yx = 


: ; (7.19) 
increase in cell mass 


From our earlier discussions of product formation stoichiometry in Chap. 5, we 
are already aware that Yp,, is constant for a type I fermentation but will vary for 
other cases. Use of the product yield coefficient allows us to write the steady-state 
product mass balance in the form 


D(p, — p) + Yoxux = 0 (7.20) 
so that | 
Yox ux 
p=p,+ aa (7.21) 


Combined with earlier equations relating u and x to process parameters, Eq. 
(7.21) allows calculation of the concentration of product in the effluent. The rate 
of product output is then given by pD, which is maximixed for constant Yp.x 
when D has the value specified in Eq. (7.18). Thus, the goal of maximum product 
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output also must be reconciled with sensitivity considerations. (If Yp,x = f (D), 
what value of D maximizes pD?) 

An experimental example of continuous-culture behavior is shown in Fig. 
7.7. In the culture of the bacterium Aerobacter aerogenes, the agreement between 
experiment and the simple model just outlined is qualitatively correct. However, 
both the observed cell-mass production and the observed substrate concentration 
remain approximately constant over a wider range of conditions than suggested 
in Fig. 7.6. Other data reveal breakdowns in the above model at very high and 
very low dilution rates. We shall next examine these two extreme cases in turn 
and attempt to understand why the Monod model might fail for them. 


7.2.2 Kinetic Implications of 
Endogeneous and Maintenance Metabolism 


The data presented in Fig. 7.8 for A. aerogenes show a marked decline in cell 
concentration as dilution rate becomes small. Similar behavior has also been 
observed for the food yeast Torula utilis. This trend, which is contrary to the 
Monod chemostat model, can be explained by including the possibility of endo- 
geneous metabolism in the model. By endogeneous metabolism we mean that 
there are reactions in cells which consume cell substance. Thus, we might write 


= o — kx (7.22) 
S 5 


ry 


to account for this effect. Notice that the additional term in Eq. (7.22) can also be 
interpreted formally as a cell death rate. 
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Figure 7.8 Cell concentration decreases as the dilution rate is decreased, a trend contrary to the 
Monod chemostat model (continuous cultivation of A. aerogenes in glycerol medium). (Replotted 
from D. Herbert, “Continuous Culture of Microorganisms: Some Theoretical Aspects” in “Continuous 


Culture of Microorganisms: A Symposium,” p. 48, Publishing House of the Czechoslovakia Academy of 
Sciences, Prague, 1958.) 


Such a modification of the Monod model is also consistent with other avail- 
able data. For example, if the rate of respiration of an aerobic culture is propor- 
tional to the rate of substrate utilization 


r ae PlimaxSX 
Ps + K, 


then from Eqs. (7.8), (7.22), and (7.23) it follows that the specific respiration 
rate is 


(7.23) 


2 = B(D + k.) (7.24) 


Figure 7.9 displays experimental data which agrees nicely with Eq. (7.24). 
Observed variations in the yield coefficient Y with D also support a growth 
rate of the form given in Eq. (7.22). If the rate of substrate disappearance is 


l HmaxSX 


xs 5 + K, 


(7.25) 


where Yx, is the “true” coefficient, using Eqs. (7.22) and (7.25) and the definition 
of ¥xs (remember Yx,, is an overall stoichiometric coefficient equal to the total 
mass of cells produced divided by the total mass of substrate consumed, so that 
with sterile feed —r, = Dx’ Yy)s) gives 


DY: 
D+ k,- 


(4 


Yyjs = (7.26) 
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Figure 7.9 The specific respiration rate of the bacterium A. aerogenes in continuous culture depends 
linearly on dilution rate as Eq. (7.24) indicates. ( Replotted from D. Herbert, “Continuous Culture of 
Microorganisms: Some Theoretical Aspects” in “Continuous Culture of Microorganisms: A Sympo- 
sium,” P. 49, Publishing House of the Czechoslovakia Academy of Sciences, Prague, 1958.) 


Such dependence of Yx on D has been verified experimentally for several micro- 
organisms. 

Another possible scenario, introduced earlier in the discussion of cellular 
stoichiometry in Section 5.10.1, is parallel consumption of substrate for growth 
and for other energetic, or maintenance, requirements. In this case, the rate of 
substrate utilization is 


1 
-r = px + mx (7.27) 


where m is the specific maintenance rate. Presuming now that r, is equal to px, it 
follows that 


YxsD 
Yxs = Daca. 

+ mY% 
which is exactly the same functional relationship between Yx,, and D as was 
found for the endogeneous metabolism model [Eq. (7.26)]. 

At large dilution rates, continuous-culture behavior can deviate significantly 
from the Monod chemostat model, as Fig. 7.10 shows. Not only is the predicted 
cell concentration in error near washout, but the population may be maintained 
at substantially larger dilution rates than theory indicates. Moreover, the yield 
coefficient decreases as D approaches the critical maximum value. Among the 
probable explanations for these difficulties is the relatively high substrate concen- 
tration which prevails at large dilution rates. Under these circumstances. the 
substrate may not limit growth, and the members of the cel] population may shift 
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Figure 7.10 This experimental data on contin- 
uous growth of Aerobacter cloacae shows non- 
zero cell concentrations at dilution rates 
exceeding the calculated critical dilution rate. 
(Replotted from D. Herbert et al, “The Contin- 
uous Culture of Bacteria: A Theoretical and Ex- 
0 ] 2 3 4 5 perimental Study,” J. Gen. Microbiol., Vol. 14, p- 
Reciprocal dilution rate. D7! h 601. 1956.) 


Cell concentration, x, g dry weight/L 


(Critical dilution rate 
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data) !=].}i8h 


their metabolic patterns in recognition of some other limiting factor in their 


environment. A second possibility is imperfect mixing, a topic explored in 
Chap. 9. 


7.2.3 Other Forms of Growth Kinetics 


Other related forms of specific growth rate dependence have been proposed 
which in particular instances give better fits to experimental data. For example, 
Teissier, Moser, and Contois suggest the following models: 


Tessier 
S E i) (7.29) 
Moser 
B= la EKT (7.30) 
Contois 
fe (7.31) 


The first two examples render algebraic solution of the growth equations 
much more difficult than the Monod form. The equation of Contois contains an 
apparent Michaelis constant which is Proportional to biomass concentration x. 
This last term will therefore diminish the maximum growth rate as the popula- 
tion density increases, eventually leading to u -xs |. 


ee 
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The specific growth rate may be inhibited by medium constituents such as 
Substrate or product. An example due to Andrews [11] proposes that substrate 
inhibition be treated by the form 

s 


K; +s+ s?/K, 


H= Umax (7.32) 

Alcohol fermentation provides an example of product inhibition; the anerobic 

glucose fermentation by yeast has been treated by Aiba, Shoda, and Nagatani 
L9, 10] with specific-growth function of the type 
s K 


- H= Uae p 7.33 
a Ki+sK,+p ee 


It is possible that two (or more) substrates may simultaneously be growth- 
limiting. While few data are available, a Monod dependence on each limiting 
nutrient may be proposed, so that 

Sy S2 
K, +s, Ki +s, 


H = Umax (7.34) 
In the absence of convincing data for this form, we may regard it simply as a 
useful indicator that growth depends on several limiting nutrients. 


7.2.4 Other Environmental Effects on Growth Kinetics 


During balanced growth, only a single parameter H [or the population doubling 
time £,( = In 2/4)} is required to characterize population growth kinetics. For this 
reason, the magnitude of the specific growth rate u is widely used to describe the 
influence of the cells’ environment on the cells’ performance. Consider first the 
influence of temperature: the range of temperature capable of supporting life as 
we know it lies between roughly —5 and 95°C. Procaryotes can be classified 
according to the temperature interval in which they grow. As seen in Table 7.2, 


Table 7.2 Classification of microorganisms in 
terms of growth-rate dependence on temper- 
aturet 


eo 


Temperature, °C 


eee 
Group Minimum Optimum Maximum 
= a a 
Thermophiles 40 to 45 55 to 75 60 to 80 
Mesophiles 10 to 15 30 to 45 35 to 47 
Psychrophiles: 

Obligate —Sto 5 15 to 18 19 to 22 

Facultative —Sto$§ 25 to 30 30 to 35 
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Figure 7.11 (a) Up to a point, the growth rate of E. coli increases with increasing temperature. but the 
cells die if the temperature is too high. (b) An Arrhenius plot of the data in (a). (From R. Y. Stanier, 
M. Doudoroff. and E. A. Adelberg, “The Microbial World.” 3d ed., pp. 316, 317, 1970. Reprinted by 
permission of Prentice-Hall. Inc., Englewood Cliffs, New Jersey.) 


each class has an optimum temperature where growth is maximal and upper and 
lower temperature bounds beyond which the population cannot grow. 

The data in Fig. 7.11 for growth of E. coli dramatically illustrate the strong 
influence of temperature. Notice in the Arrhenius plot that classical Arrhenius 
behavior appears at low temperature whereas there is a rapid decrease in growth 
rate as the temperature approaches the upper limit for survival of the bacterium. 
The similarity of the temperature dependence for growth in Fig. 7.11 with the 
enzyme-activity-temperature relationship depicted in Fig. 3.25 is unescapable. 
Accordingly, the temperature dependence of specific growth rates may frequently 
be expressed in equation form by Eq. (3.73). Apparently at low temperatures the 
metabolic activity of the cell increases with increasing temperature as the activi- 
ties of its enzymes rise. When the most thermally sensitive essential protein dena- 
tures, however, the cell dies. This hypothesis has been confirmed in several 
instances by genetic studies in which mutation of a single gene has caused a large 
change in the maximum tolerable temperature for a microorganism. 

Since protein configuration and activity are pH dependent, we expect cellular 
transport processes, reactions, and hence growth rates to depend on pH. Bac- 
terial growth rates are usually maximum in the range of pH from 6.5 to 7.5. This 
is exemplified by the data for E. coli shown in Fig. 7.12. There are exceptions, 
however, including acidophilic bacteria which grow at pH 2.0. Typically, a 
change in 1.5 to 2.0 pH units above or below the pH for maximum growth rate 
results in negligible growth (Fig. 7.12). Yeasts grow best in the pH range 4 to 5, 
while pH optima for mold growth are usually between 5 and 7. Yeasts and molds 
will grow over a wide range of pH from about 3.0 to 8.5. As the example in Fig. 
7.12 illustrates, the pH for maximum growth rate typically increases with increas- 
ing temperature. 

Specific growth rates of microorganisms are also influenced by the thermo- 
dynamic activity of water (influenced in turn by solutes in the medium) and by 
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Figure 7.12 Effect of pH and temperature 
on the generation time of E. coli. [ Re- 
printed by permission from J. R. Norris 
and D. W. Ribbons (eds. ), “Methods in 
5 6 7 8 9 Microbiology,” vol. 2. Academic Press, 
PH of medium during growth New York, 1970.) 


20 


hydrostatic pressure. Obviously. dissolved oxygen concentration is an important 
determinant of growth rates of aerobic organisms. We shall examine cellular 


oxygen requirements and kinetics influences in our discussion of reactor aeration 
in Chap. 8. 


7.3 TRANSIENT GROWTH KINETICS 


During certain intervals in batch cultivation or during startup or disturbances to 
continuous flow reactors, cell populations grow in a transient state in which 
more complicated kinetic behavior may be observed. Different types of kinetic 
models may be required to describe different transient growth situations. Here we 
examine some examples of transient growth kinetics, with emphasis on the com- 
mon case of batch growth. Further discussion of transient cell kinetics is included 
in our consideration of bioreactor dynamics in Sec. 9.2. 


7.3.1 Growth-Cycle Phases for Batch Cultivation 


In a typical batch process the number of living cells varies with time, as shown in 
Fig. 7.13. After a lag phase, where no increase in cell numbers is evident, a period 
of rapid growth ensues, during which the cell numbers increase exponentially 
with time. Although this Stage of batch culture is often called the logarithmic 
phase, we prefer the more descriptive term exponential growth, which we shall use 
in the following discussion. Naturally in a closed vessel the cells cannot multiply 
indefinitely, and a stationary phase follows the period of exponential growth. At 
this point the population achieves its maximum size. Eventually a decline in cell 
numbers occurs during the dearh phase. Here an exponential decrease in the 
number of living individuals is often observed. . 
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Figure 7.13 Typical growth curve for batch cell cultivation. 


Each phase is of potential importance in microbiological processes. For ex- 
ample, the general objective of a good design may be to minimize the length of 
the lag phase and to maximize the rate and length of the exponential phase, the 
last objective being achieved by slowing the onset of the transition to stationary 
growth. Reaching the largest possible cell density at the end of the process is 
frequently very important. To achieve such goals, we should understand the 
variables which influence the phases of batch growth. Each phase will be dis- 
cussed individually next, and, where appropriate, mathematical models of the 
important phenomena will be considered. This discussion will be augmented by 
Sec. 7.3.2, where we consider mathematical models of the entire batch-growth 
process. 

The length of lag observed when fresh medium is inoculated depends on both 
the changes in nutrient composition (if any) experienced by the cells and the age 
and size of the inoculum. The shock of rapid switch to a new environment has 
several effects on the living cell. First, recall that the modes of control and regula- 
tion of enzyme activity include an adaptive characteristic: when presented with a 
new nutrient, its assimilation is achieved by cell production of new enzymes. 
Thus transfer of a glucose-bred culture in its exponential phase to a lactose 
medium will necessarily result in a time interval of insignificant cell-division rate 
while the enzymes and cofactors for the lactose metabolic pathway are synthe- 
sized in the cell. (What would happen if a lactose-bred culture were transferred to 
a glucose-lactose medium?) Similarly, variation in the concentration of nutrients 
may cause a lag phase. If the new nutrient medium is richer in a limiting nutrient, 
some time and nutrient will be expended in nonmultiplicative growth while larger 
concentrations of metabolizing enzymes are created. A decreased nutrient level 
may result in no lag at all: the exponential rate may resume immediately but at a 
slower pace. l 

Many of the intracellular enzymes require activation by small molecules (vi- 
tamins, cofactors) or ions (activators) which may have appreciable permeability 
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through the cell membrane. Transfer of a small culture volume or inoculum to a 
large volume of medium will cause outward diffusion of these requisites for catal- 
ysis into the bulk medium if the new medium is lacking in these species or differs 
appreciably in ionic strength. The rate of growth will fall, corresponding to the 
lower concentrations of such species inside the cell, and again a lag will appear 
while new machinery to generate such activators is assembled. If essential activa- 
tors are diluted (vitamins and ions which the cell cannot produce internally), the 
total level of cell activity must diminish irrevocably. 

The growth stage of the inoculum, which itself comes from a smaller scale 
batch cultivation, exerts a strong influence on the length of the lag phase. The 
size of the transferred inoculum is also an important variable, as already men- 
tioned for the loss upon transfer of such diffusible species as vitamins and activa- 
tors. Thus while a young cell population shows no lag upon transfer into a 
medium rich in metabolic intermediates such as amino acids, the same inoculum 
transferred into ammonium sulfate medium loses these vital intermediates into 
solution. With cultures in exponential growth at the time of transfer, their 
original medium may already contain a reasonable bulk concentration of inter- 
mediates, and the dilution on transfer will have a lesser effect. Transfer of an old 
culture (approaching or in stationary phase) into ammonium sulfate medium 
results in a longer lag. 

Multiple lag phases may sometimes be observed when the medium contains 
multiple carbon sources (Fig. 7.14). This phenomenon, known as diauxic growth, 
is caused by a shift in metabolic patterns in the midst of growth. After one 
carbon substrate is exhausted, the cell must divert its energies from growth to 
“retool” for the new carbon supply. A possible explanation for this serial utiliza- 
tion phenomenon is catabolite repression, disccussed in Sec. 6.1.4. 

Design to minimize culture and process times normally includes minimiza- 
tion of the lag times associated with each new batch culture. From the previous 
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0 Figure 7.14 In a medium containiny initially equal 
0 2 4 6 8 amounts of glucose and xylose. diauxic growth of E. 
coli is observed in batch culture. (From R. Y. Stanier, 
M. Doudoroff, and E. A. Adelberg, “The Microbial 
‘Glucose + Xylose — World,” 3d ed., p. 308, 1970. Reprinted by permission of 
utilization utilization Prentice-Hall, Inc., Englewood Cliffs, New Jersey.) 
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general discussion and other relevant data (see references), the following general- 
izations can be drawn: 


1. The inoculating culture should be as active as possible and the inoculation 
carried out in the exponential-growth phase. | 

2. The culture medium used to grow the inoculum should be as close as possi- 
ble to the final full-scale fermentation composition. 

3. Use of reasonably large inoculum (order of 5-10 percent of the new medium 
volume) is recommended to avoid undue loss by diffusion of required inter- 
mediate or activators. 


At the end of the lag phase the population of microorganisms is well ad- 
justed to its new environment. The cells can then multiply rapidly, and cell mass, 
or the number of living cells, doubles regularly with time. The equations 


dx 1 dx 
— me 7.35 
aS ee (raa) 
with 
X= x at t = fiag (7.35b) 


describe the increase in cell numbers during this period. Thus the rate of increase 
in x is proportional to x. From the integrated form of Eqs. (7.35) 


x = 
ln Xo = u(t a tiag) or x= Xoe“ a [> fiag (7.36) 
-0 


we can readily deduce that time interval f} required to double the population is 
given by 


H= ae (7.37) 
H 

As is the case for steady state growth in a CSTR, only a single parameter u (or £,) 
is required to characterize the population during exponential batch growth. To a 
reasonable approximation, growth is balanced during this stage of batch cultiva- 
tion. Consequently, useful balanced growth kinetic data may be obtained from 
batch experiments provided attention is confined to the exponential growth 
phase. 

Deviations from exponential growth eventually arise when some significant 
variable such as nutrient level or toxin concentration achieves a value which can 
no longer support the maximum growth rate. Exhaustion of a particular critical 
nutrient may appear rather sharply at a given time since the cells are rapidly 
increasing the total rate of nutrient consumption in the exponential-growth 
phase. To formulate a rough analysis of this event, we suppose that the rate of 
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nutrient A consumption is proportional to the mass concentration of living cells 
until the stationary phase is reached: 


se (7.38) 


Next we assume that exponential growth continues unabated until the stationary 
phase is reached, and we take the time when exponential growth begins as time 
zero. Then 


xX = xg" (7.39) 


where xq is the mass concentration of living cells when exponential growth starts. 
If the concentration of A at time zero is adj, we can determine from Eqs. 
(7.38) and (7.39) that A is completely consumed when 


k 
ag = ee =X) (7.40) 


where x, is the mass of the population when A is exhausted and the population 
enters the stationary phase. Consequently, x, is the maximum population size 
achieved during the batch culture (review Fig. 7.13). Rearranging Eq. (7.40), we 
find the maximum population in the case of nutrient depletion to be given by 


X, = Xo + E ao (7.41) 
ka 
Linear dependence of x, on initial nutrient level has been observed experi- 
mentally in many cases (often x, is so small that it is imperceptible). Figure 7.15 
illustrates this behavior. In the plot of n (the number density of cells at stationary 
phase) for the bacterium A aerogenes vs. lactose concentration, however, distinct 
variations from Eq. (7.41) are obvious. Apparently other factors can influence the 
onset of the stationary phase and the size the maximum population. 
If a toxin accumulates which slows the rate of growth from exponential, an 
equation of the form 


dx : 
P kx[1 — f(toxin concentration)] 
t 
is found useful. In the particular case where toxin linearly decreases the growth 
rate, we have a specific growth rate 
1 dx 
-~— =k(1 — be,) (7.42) 
x dt 
where c, is toxin concentration and b is a constant. A plausible assumption is 
that the rate of toxin production depends only on x and is proportional to it 
| dc, - : 
a xX ee 7.43 
ard l (7.43) 
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Figure 7.15 Dependence of maximum batch population size on the initial concentration of growth- 
limiting nutrient: (a) Pseudomomas sp. in fructose medium, and A. Aerogenes in (b) lactose and 
(c) ammonium tartrate media. [(a) From R. Y. Stanier, M. Doudoroff. and E. A. Adelberg. “The Mi- 
crobial World” 3d ed.. p. 313. 1970. Reprinted by permission of Prentice-Hall. Inc., Englewood Cliffs, 
New Jersey; `b, c) reprinted by permission from A. C. R. Dean and C. Hinshelwood. “Growth, Function 
and Regulation in Bacterial Cells.” P- 72, Oxford University Press, London. 1956. J: 


so that c, = q fo x dt (assuming c, = 0 at t = 0) and the growth equation becomes 


2 = efi — bq | x ar) (7.44) 
dt 0 


The instantaneous value of the effective specific-growth rate Herr 


l dx 
=- — = k| 1—b xd 7.45 
Herf i ( at: X r) ( ) 
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diminishes more and more rapidly with time, Le., 


dhesti d? hest dx 
—— = —k —“ = —kbg— <0 7. 
ai bqx < 0 Ji K 7 < (7.46) 
Growth halts when 
1 t 
— = | xdt (7.47) 
bq 0 


Equation (7.42) indicates that growth ceases only when c, reaches a particu- 
lar level c, = 1/b. Dilution of a given toxified medium or addition of a nonnutri- 
tive substance which complexes with a given toxin should allow further growth 
and a consequent increase in the maximal stationary phase biomass concentra- 
tion x,. If growth halts due to nutrient exhaustion, dilution with a nonnutritive 
volume produces no change in x,. These criteria may be roughly utilized to 
determine the cause of growth decline and eventual halt. Exact criteria are more 
difficult to ascertain: growth of nutrient-limited populations does slow somewhat 
before total exhaustion, as will be seen later, and the growth rate of a poisoned 
population may become imperceptibly slow long before dx/dt is exactly zero. 

The expected dependence of maximum population on the initial level of a 
given nutrient is sketched in Fig. 7.16. Diminution of nutrient concentration 
eventually brings the culture to a maximum size which is linear in the initial 
critical nutrient concentration. Here nutrient depletion apparently causes the ces- 
sation of exponential growth. Conversely, a rise in initial nutrient supply may 
eventually yield an x, value apparently independent of the nutrient level. This 
suggests accumulation of toxic products or the existence of some other limiting 
nutrient as the determining factor. 

We should not lose sight of the fate of individual cells when examining the 
population. In general, the population is not homogeneous, and the batch growth 
curve is a gross overview of a very complex system. For example, during the 
exponential-growth phase, some cells are dividing and giving birth to very young 
cells at the same time others are growing and maturing. Since cells of different 
ages generally have distinct sizes and chemical compositions, we could view a cell 
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of a given age as a distinct “species.” From this perspective, then, culture of one 
type of microorganism leads to a population containing a great variety of 
“species.” 

The diversity among individual cells becomes increasingly apparent during 
the stationary and death phases. Some cells are dividing during the Stationary 
phase while others die. Often the dead cells lyse «break open). and the carbohy- 
drates, amino acids and other components freed from the lysed cells are then 
used as nutrients by the remaining living members of the population. Such canni- 
balistic events help maintain the population size during the stationary phase. 
Eventually, due to nutrient depletion and toxic-product buildup. however. the 
population cannot sustain itself, and the death phase begins. 

Relatively few studies have been made on the death phase of cell cultures, 
perhaps because many industrial batch processes are terminated before the death 
phase begins. Usually death of the population is assumed to follow an exponen- 
tial decay 


ene. (7.48) 


where now t denotes the time elapsed since the onset of the death phase. This 
relationship implies that the number of cells which die at any time is a constant 
fraction of those living. 

One physical interpretation of exponential population decay states that there 
are random lethal events which occur in the culture. When one of these happens 
to a cell, it dies. An obvious objection to this interpretation is that the past 
history of the population is neglected. Dean and Hinshelwood [3] suggest that 
not only do living cells prey on dead ones as the population stabilizes and de- 
clines but that. competing portions of the cell’s interacting metabolic machinery 
also prey on each other as they compete for scarce intermediates. An extension of 
their argument leads to a rationalization of the exponential-decay law. Other 
models of population decline will be discussed in Sec. 7.7. 

To increase our understanding of the batch growth cycle and to provide 
background useful for the forthcoming mathematical representations of cell- 
population growth, it is worthwhile to review some of the available data on 
changes in the size and chemical makeup of a population undergoing batch 
growth. Again we must emphasize that this information does not apply for an 
individual cell but rather to the diverse collection of cells which constitute the 
population at any time. 

Dean, Hinshelwood, and other investigators made numerous observations on 
composition variations in cultures of A. aerogenes bacteria. Taking the inoculum 
from a stationary population of a glucose-exhausted culture minimizes the lag 
phase in a glucose-containing medium. The resulting data are displayed in Fig. 
7.17. Notice that early in the growth cycle the average cell size and the RNA/ 
DNA ratio pass through high maxima. Although the amount of DNA per unit 
cell mass and the ratio of the protein to RNA remain relatively constant, when 
they are taken with the other information, we can see an early picture of the 
population gearing up its metabolic capacity to exploit the increased nutrient 
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Figure 7.17 Changes in cell characteristics during batch growth of A. aerogenes. ( Reprinted by permis- 
sion from A. C. R. Dean and C. Hinshelwood, “Growth, Function and Regulation in Bacterial Cells,” pp. 
87-89, Oxford University Press, London, 1966.) 


available in its new environment and to generate a larger pool of diffusible inter- 
mediates. 

Another interesting phenomena which will be important when we examine 
end-product rates of formation is evidenced in Fig. 7.18. The average RNA con- 
centration within a cell increases directly with population growth rate. It should 
be emphasized that this behavior is observed only for growth-rate variations 
caused by differences in nutrient medium. If, for example, the growth rate is 
altered by changing the temperature, RNA concentration during the exponential 
phase does not seem to be altered significantly. 

Finally let us focus closer on the population’s characteristics and consider 
how enzyme activities vary during the growth cycle. While two hydrogenase 
enzymes in A. aerogenes vary little during the exponential growth phase. signifi- 
cant changes in asparagine deaminase specific activity are observed. The initial 
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Figure 7.18 These data, which were 
obtained using a variety of carbon- 
sources, show a direct correspondence 
between growth rate and the cells’ 
ribonucleic acid content (A. aero- 
genes). (Adapted from A. C. R. Dean 
and C. Hinshelwood, “Growth, Func- 
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0 0 30 = tion and Regulation in Bacterial Cells.” 
7 | p. 92, Oxford University Press, Lon- 
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drop is attributed to dilution of the inoculum while the rise near the end of the 
growth cycle is believed due to the decrease in medium pH at that stage. 

This observation prompts us to emphasize once more that in a batch culture 
we must never lose sight of the overall system comprising a cell population in a 
fluid medium of changing composition. In a sense we may view batch growth as 
a function of the starting conditions of both cell and medium: whatever we 
observe once the batch process started depends on both phases. Thus, it is really 
somewhat of a misnomer to speak of properties of cell populations in batch 
growth because these properties are intimately dependent on the interaction be- 
tween the medium and the population. 


7.3.2 Unstructured Batch Growth Models 


In the simplest approach to modeling batch culture, we suppose that the rate of 
increase in cell mass is a function of the cell mass only. Thus 


dx 
7 =f (7.49) 


As we shall soon see, such a form does not require us to neglect changes occur- 
ring in the medium during growth. 

One of the simpler models belonging to the general form given in Eq. (7.49) 
is Malthus’ law, which uses 


f(x) = ux (7.50) 


with 4 as a constant. We immediately recognize this as the growth rate character- 
istic of exponential growth, which we have already treated. Malthus’ prediction 
of doom resulting from unbridled population growth has not (yet?) been realized, 
and transition to a stationary population is generally observed for microbial 
populations. f 
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Figure 7.19 The logistic curve 
(k > 0, B > 0). 


Verlhurst in 1844 and Pearl and Reed in 1920 contributed to a theory which 
included an inhibiting factor to population growth. Assuming that inhibition is 
proportional to x’, they used 


dx i 
gp) x(0) = x, (7.51) 


This is a Riccati equation which can be easily integrated to give the logistic curve 


Xg et 


{TETES 


As illustrated schematically in Fig. 7.19, the logistic curve is sigmoidal and leads 
to a stationary population of size x, = 1/2. 

One possible interpretation of the logistic curve can be formulated by assum- 
ing that the production rate of a toxin is proportional to the population growth 
rate 


(7.52) 


dc, dx 
a q ai (7.53) 
so that if 
c(0) = 0 (7.54) 
€, = a(x — Xo) (7.55) 


In the usual case where Xo is negligible relative to x, substitution of Eq. (7.55) 
into (7.43) gives an equation of the same form as (7.51). 

Another class of unstructured models which approach a stationary popula- 
tion level can be formulated based on limiting nutrient exhaustion. Assuming a 
constant overall yield factor Yx and u = u(s), such as Monod kinetics, nutrient 
and cell matenal balances can be combined into a Single equation of the form of 
Eq. (7.49) (see Prob. 7.14). ; 
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A drawback of the logistic equation is its failure to predict a phase of decline 
after the stationary population has exhausted all available resources. This feature 
is found in one model developed by Volterra early in this century. In this model, 
an integral term of the form 


é - 
| K(t, r)x(r) dr (7.56) 
0 

is added to Eq. (7.50). Physically we may interpret such a term as a crude recog- 
nition that the history K(t. r) of a population influences its growth rate. Through 
the integral in (7.56), all past values of the population density can influence the 
growth rate at time t. If K is independent of t, a term such as (7.56) may be 


viewed as representative of the influence of a component of the culture whose 
concentration follows 


T =|K(t)x(t)}  «0)=0 (7.57) 


Specifically, let us suppose that K is a constant equal to Ko and that the 
history or memory term (7.57) is added to Eq. (7.51). Then the population size is 


described by 
| x(r) dr 
0 


As Eq. (7.53) indicates, the sign of Ky is taken as negative for an inhibitor and 
positive for a compound which promotes growth. This problem can be solved 
numerically with results as given in Fig. 7.20. So long as Ko is negative, the ` 
population size declines after passing through the maximum. 

The unstructured growth models we have just examined have several weak- 
nesses. They show no lag phase and give us no insight into the variables which 
influence growth. Also, they make no attempt to utilize or recognize knowledge 
about cellular metabolism and regulation. In later sections we shall seek some 
understanding of how the complex biochemistry of the cell is connected with 
observed batch-growth phenomena. 


dx 


a ed — Bx) + Ko 


x(0) = xo (7.58) 


7.3.3 Growth of Filamentous Organisms 


In the previous portions of this chapter we have been concerned with analysis of 
microbial populations in which increase in biomass is accompanied by an in- 
crease in the number of cells. A different situation prevails in molds and other 
filamentous organisms, where the mass and morphology of a mold pellet or pulp 
varies as growth proceeds. Several experimental studies of batch submerged cul- 
ture have indicated that biomass increases at a slower than exponential rate with 
proportionality to (time)? providing a reasonable representation of the data. 
Such a growth pattern can be rationalized from. observations of one- and two- 
dimensional mold cultures. In the first instance, the rate of increase in the colony 
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Figure 7.20 Response of the Vol- 
0 $ 4 6 8 10 12 l4 terra model, which includes the 
Time. 1 population history. 


length is constant, while the radius of the mold colony increases at a constant 
rate in surface culture (two-dimensional). 


Extrapolating to a spherical pellet growing in submerged culture, let us 
assume that 


dR 
Fa k, = const — (7.59) 
where R now denotes the pellet radius. Since the biomass `M is 
we have from Eqs. (7.59) and (7.60) 
dM dR 
-~—- = p4nR? — = k 4nR? 7.61 
Gee ie ee ue 


Eliminating R from (7.61) using (7.60) leaves 


dM 
aa = yM? 7.62 
d" UR 


where 
y = k [36n] (7.63) 


Integrating Eq. (7.62) with an initial biomass of Mo yields 


/ ae poet 
M = (mM + a) | (7.64) 
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Since Mo is usually quite small relative to M, Eq. (7..64) gives the cubic depen- 
dence of M on t mentioned above. 

A complete analysis of filamentous organism growth should also consider the 
kinetics of pellet formation. This occurs due to agglomeration of spores and 
subsequent growth or by outgrowth from an individual spore. Research to date 
has shown that many properties of the organism and its growth environment 
interact to influence pellet formation (Fig. 7.21). Because the mechanisms are 
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Figure 7.21 Summary of the factors which interact to determine (a) pellet formation and (b) pellet 
structure during cultivation of mycelial organisms (Reprinted by permission from B. Metz and N. W. 
F. Kossen, “Biotechnology Review: The Growth of Molds in the Form of Pellets—A Literature Review,” 
Biotechnol. Bioeng., vol. 192, p. 781, 197 7.) 
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complicated and not sufficently well understood or documented, general kinetic 
models for pellet formation have not yet been developed. 

When considering growth of existing pellets, the model outlined above must 
be viewed as a crude approximation of reality. Pellet size, morphology, and 
internal structure, all of which are expected to influence pellet kinetics, are deter- 
mined by interactions among agitation intensity, pellet concentration, organism 
properties, and medium composition [12]. Overall kinetics of pellets often de- 
pend upon diffusion-chemical reaction interactions which were analyzed pre- 
viously in Sec. 4.4. . 


7.4 STRUCTURED KINETIC MODELS 


Unstructured models of the types considered above describe only the quantity of 
the biological phase. Such models do not recognize nor represent the composi- 
tion or what we might call the quality of the biophase. In situations in which the 
cell population composition changes significantly and in which these composition 
changes influence kinetics, structured models should be used. Since it is not 
practical to write material balances on every cell component, we must select 
skillfully the key variables and processes of major interest in a particular applica- 
tion when formulating a (necessarily approximate) structured kinetic model. As 
will be illustrated in the examples presented in the following sections, there are 
several different conceptual bases on which structured models may be built. 

The biophase variables employed in structured models are typically the mass 
(x;) or molar (c;) concentrations per unit volume of biophase [15]. For a well- 
mixed reactor, writing a material balance on component j gives 


1 1 
= B Vaze; | = a Vgxrs, + OC; (7.65) 


where p, = mass density of cells (cell mass/unit volume cells) 


rs, = molar rate of formation of component j 
(moles j- time™ - (unit volume cells)~ !) 
®, = mass of cells added to the reactor by flow- time™? 


Vg = culture volume 
x = cell mass concentration (cell mass: unit volume culture) 
c; = moles j/unit volume cells. 


In writing the last term in Eq. (7.65), it is assumed that any cells added (for 
example, by recycle) or removed from the reactor have the same state as the cell 
population in-the reactor. If this condition is not met (for example, in the second 
or later tank in a CSTR cascade), the balance equation must be modified. 
Assuming that the density of cells p. and volume of culture Vp are time- 
invariant, Eq. (7.65) may be rewritten in the following form after carrying out the 
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indicated differentiation: 


de; ~ fldx ®, 5 
dk = Ff = ae dt + Cj eV. (7.66) 


For a batch reactor, ®, is zero, and the quantity in parenthesis on the right-hand 
side of Eq. (7.66) is simply the specific growth rate u, giving 


rr ge, (7.67) 


The physical interpretation of the rs, term is clear; the — uc, term represents 
reduction in concentration caused by dilution from growth of the cell population. 
Evaluation of the terms on the right-hand side of Eq. (7.66) for a CSTR with 
sterile feed gives, interestingly, Eq. (7.67) again. 


7.4.1 Compartmental Models 


In the simplest structured models, the biomass is compartmentalized into a small 
number of components. Sometimes these components have an approximate bio- 
chemical definition, as in a synthetic component (RNA and precursors) and a 
structural component (DNA and proteins). Alternatively, the compartments may 
be defined as an assimilatory component and a synthetic component. Another 
interpretation which has been used to guide formulation of simple compartmen- 
tal models is that of a bottleneck in metabolism. 

Structured models containing a small number of variables may also be justi- 
fied on the basis of some concepts from systems dynamics. Each class of reaction 
and transport events which occur in a cell population—molecular collisions, 
chemical reactions, diffusion, turnover of RNA, protein synthesis, increase in cell 
number, completion of a batch process, spontaneous mutation —has a character- 
istic relaxation time, or time to reach steady state after a perturbation (recall Sec. 
3.3.1). These relaxation times range from fractions of a second to hours. What is 
important in modeling, from a systems dynamics viewpoint, is the relationship 
between the time scale of changes in cells’ environment (tẹ) and the spectrum of 
relaxation times of cellular processes. Those cellular processes that respond very 
fast to environmental changes (small relaxation time/t, ratio) may be assumed to 
be in quasi-steady state (Sec. 3.2.1). For the other extreme, where the relaxation 
time for some cellular process is very large compared to tp, that class of cellular 
processes may be assumed to be “frozen” at the initial state. For example, signifi- 
cant genetic changes are not usually expected during a single batch cultivation. 

It has been found for many complicated systems that there are typically only 
two or three system relaxation times in the same range as the time scale for 
environmental changes, justifying approximating the dynamics of a large system 
using a low order model with only two or three system variables. However, it is 
often difficult or impossible to relate some-of these variables to measurable, 
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physical quantities characteristic of the system. We consider next some examples 
of simple, compartmental structured kinetic models of cell population growth. 

Williams [16] proposed a two-compartment model which reproduces several 
aspects of batch growth dynamics surprisingly well. The major postulates of this 
model are the following: 


1. The synthetic (1) portion is produced by uptake of external nutrient S with 
(component 1 mass/substrate mass) yield coefficient Y. The rate of cell syn- 
thetic component formation is first order in total cell density x (cell mass/ 
culture volume) and nutrient mass concentrations (substrate mass/culture 
volume). 

2. The structural-genetic (2) cell component is produced from component 1 at a 
rate proportional to p, -p,(p; = mass i/unit volume of cells). 

3. Doubling of component 2 is necessary and sufficient for cell division. Accord- 
ingly, the cell number density is proportional to the density of component 2 
in the culture. 

4. Biomass is comprised solely of components 1 and 2. 


Restated in equation form for a well-mixed batch reactor, the model is 


ds 1 
k ay ksx (7.68) 
dx 
n) f 
dt 15X (7 69) 
dp, a 
dt = k,s(p, + P2) — k2PıPp2 — Hp, (7.70) 
dp 
“a T kapia — up, (7.71) 
t 
Noting that 
and 
Pı + P2 = P. = const (7.73) 
Eq. (7.71) may be rewritten as 
df. 
q T Kish + kapd hA = fy) (7.74) 


where f, is p‘p,, the fraction of the cell mass comprised of component 2. The 
first two equations in this model can be used to write s in terms of x. When this 
result is substituted in Eq. (7.69), an equation identical in form to Eq. (7.51) is 
obtained. Consequently. x will follow the logistic equation given above in Eq. 
(7.52). 
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Figure 7.22 Batch growth simulation with stationary phase inoculum based on Williams’ model. 
Ordinate shows dimensionless substrate (s/So), biomass (x/ Yso), and cell number (f3x/ Yso) concentra- 
tions. Dimensionless cell size increase relative to Stationary cells (= —1 + 1/f,) is also shown. 
(Parameters: k, = 0.0125, kp. = 0.025, Y = 0.5, Xo = 0.05, sọ = 1, f,(0) = 1.) 


The model has been used to simulate batch growth using a stationary, 
nutrient-exhausted inoculum, which corresponds to pı = 0. The results, given in 


Fig. 7.22, mimic several frequently observed features of batch microbial cultures 
including 


I. Existence of a lag phase in which cell size increases. 
2. An exponential-growth phase where cell size is maximum. 
3. A change in composition of the cells during the growth cycle. Since these 


changes are evident even during the exponential phase, apparently growth is 
never exactly balanced. 


. A stationary phase with relatively small cells. 


p> 


Notice in particular that the changes with time in cell mass density and in 
cell number density are not parallel nor proportional; that is, single-cell mass is 
not constant but depends on growth rate and even on growth-rate history. De- 
tailed studies of microbial population growth based on the E. coli and S. cere- 
visiae cell cycles have shown similar results [30, 31]. Based on these cases, it 
appears that the dynamics of cell mass changes may often be accurately approxi- 


mated by relatively simple models, while calculating the dynamics of cell 
numbers is much more complicated. ae 
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Figure 7.23 Schematic diagrams of the two-and 
three-compartment models described by Harder and 
bee AS eg i Se, oi E Ss = Roels [17]. 


Some elaborations on the above model are summarized in the sketches in 
Fig. 7.23. In the two-compartment model of Harder and Roels [17], the G 
component Corresponds to enzymes which catalyze conversion of substrate to 
biopolymer building blocks, and the balance of the cells’ constituents are in 
component K which is formed from nutrient S at a rate which depends on the 
quantity of G. Interconversion of G and K by polymerization and depoly- 
merization reactions introduces maintenance metabolism into this simple two- 
component cell. The three-component cell in Fig. 7.23 has constituents with more 
well-defined biochemical identity: K denotes RNA, G protein, and R the remain- 
ing biomass [17]. Turnover of the K and G compartments adds features of 
maintenance to the model. 

Compared with some of the more elaborate structured models examined be- 
low, these small compartmental models are relatively uncomplicated mathemati- 
cally and contain relatively few kinetic parameters. These models have been used 
with some success in describing different unbalanced growth situations. On the 
other hand, the absence in some cases of a clear biochemical definition of the 
compartment components makes model validation and parameter estimation 
more difficult. With such models, we cannot make use of known features of the 
cell's metabolic pathways, molecular controls and cell cycle operation. To use 
this knowledge in kinetic modeling, cell representations with more structure— 
that is. more components and intracellular reactions and interactions—are 
required. 
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7.4.2 Metabolic Models 


In this section we shall summarize and examine the attributes of two different 
structured kinetic models which incorporate some aspects of cell metabolism. 
These illustrate some of the benefits and drawbacks of more. detailed kinetic 
models. These examples also reveal that, as we incorporate more biological detail 
in a model, the model becomes more specific to a particular organism or process. 
The key metabolic features of the particular system being modeled, sometimes 
available from the biological sciences or biotechnology literature. must be known 
and must be considered when formulating the kinetic model. In a certain sense, 
the more detailed the model becomes, the more we must know a priori about the 
organism. Otherwise, there is too much freedom in proposing kinetic forms and 
parameter values, and these many unknown model features cannot be deter- 
mined well from (limited) experimental data. Although some of these and other 
highly structured models outlined later are based on a single-cell viewpoint, the 
deterministic framework usually adopted implies treatment of the average cell 
behavior in a large population of cells. i 

The first metabolic model we shall examine is the result of studies of Bijkerk 
and Hall [18] and Pamment, Hall, and Barford [19] on aerobic growth of the 
budding yeast S. cerevisiae. The model is based on the following assumptions, 
most of which derive from known cell cycle control, metabolic, and enzyme 
expression regulation features of the organism. 


Model assumptions 


1. Segregated, single cell units are not considered. 

2. The limiting substrate S is both carbon and energy source; E denotes 
ethanol. 

3. Biomass consists of two parts, A and B. 

4. A mass conducts substrate uptake and energy production; B mass does cell 
synthesis and division. 

5. Accumulation of energy and metabolites occurs during the G, phase of the 
cell cycle, is carried out by A mass, and is described by conversion of A mass 
to B mass [see Eqs. (7.75) and (7.76) below. ] 

6. DNA replication, mitosis, and cell division (S, G}, and M phases) occur over 
a fixed time interval, are carried out by B mass, and described by conversion 
of B mass to A mass [Eq. (7.77) below]. 

7. All of the enzymes in the fermentative pathway are grouped together and 
represented as E,. The respiratory pathway enzymes, denoted E,, are simi- 
larly treated. 

8. Two different control modes influence production of each enzyme system. 
First, enzymes are produced at rates proportional to the current metabolic 
flux through that enzyme system. Second, there is an additional adaptive 
production of each enzyme system which is proportional to the difference 
between the existing enzyme concentration dnd a “target” value (ep and eg 
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for fermentation and respiration, respectively). The target values are propor- 
tional to the flux which would occur if enzyme concentrations were not 
limiting. 
9. The rates of glycolysis and respiration are linearly dependent on e 
e,/€g, respectively. 
10. Glycolytic enzymes are produced as a consequence of flux through the respir- 


atory pathway (to provide enzymes for gluconeogenesis, biosynthesis and 
utilization of intracellular carbohydrate reserves). 


s/er and 


This viewpoint of growth can be restated by the following stoichiometry (sub- 
scripts W here denote variables which are treated here and later in mass units; 
otherwise molar units, or activity units in the case of enzymes, are assumed); 


Fermentation: 
Aw + a,Sw +E, 2By + a Ey + E, + CO, (7.75) 
Respiration: 
Aw + a3Ey + O, +E, + E, 3 2By + E, + E, + CO, (7.76) 
Division: 
By > Ay (7.77) 
The rates r4, rg, Fc are given by 
k,as fe; 
r= EF oO (7.78) 
kae fe, 7 
rg => | ~ 
rc = Kb (7.80) 
and the target enzyme concentration are 
k,k,ae 
oar e (7.81) 
kyk,as  k,k,ae 
ep = 


= 7.82 
K,+s Kyg+e (7:82) 

The rates of fermentative and respiratory enzyme production are taken to be 
(F f)rermenuative enzymes — r4 T ksr, + kaler a er) (7.83) 


et) ee eee =F + keler pa e,) $ (7.84) 
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Table 7.3 Model parameters for aerobic growth of S. 
cerevisiae (Ref. 19) 


ad, (2g) 5.95 Ks (2. L) 0.50 

a; (gg) 2.50 Ky (g L) 0.02 

a; (2,8) 1.50 ka (ho) 0.00 7 
k, (ho) 5.00 k; (ho) 0.075 

k, (h71) 0.26 k, (ho!) 0.225 

K (h7?) 0.50 k, (ho!) 1.33 

k; (h) 2.37? s; (gL) 9.20 

k, (h) 0.244" 


"The values of k, and k, have been calculated from other 
model parameters using equations from Ref. 19. 


respectively. In these equations, e, and e; denote enzyme activity per unit volume 
of culture. Consequently, this structured model is not based on “intrinsic” or 
intracellular concentrations as discussed above. 

Based upon comparison of model simulations and data from batch cultiva- 
tion experiments, the parameter values listed in Table 7.3 were identified. Only 
the parameter a3, the yield coefficient for respiratory growth, was modified 
slightly (reduced from 1.79 in batch culture to 1.50 for continuous cultivation) in 
application of this kinetic model to steady-state continuous cultivation experi- 
ments. This is based in part on known physiology of this organism, since batch 
cultures grown on ethanol require the gluconeogenic pathway which is not re- 
quired in a CSTR fed with glucose. 

Figure 7.24a shows the calculated cell mass density x(= a+b) and specific 
activities of fermentation (e,/x) and respiratory (e,/x) enzymes as functions of 
dilution rate for steady-state continuous culture of S. cerevisiae using the param- 
eters in Table 7.3. The solid squares are experimental measurements of x which 
closely match the model results. Notice that the experimental and calculated D-x 
relationship is much different here from the simpler form obtained from Monod’s 
unstructured model (Figure 7.6). Figure 7.24b gives experimental data on the 
change in specific activity of two fermentative pathway-associated enzymes, 
NADP *-associated glutamate dehydrogenase and alcohol dehydrogenase, with 
CSTR dilution rate. The trends are qualitatively identical to those in the model 
calculation of e,/x. Dilution rate effects on specific activities of two respiration- 
associated enzymes, malate dehydrogenase and isocitrate lyase, obtained from 
experiment (Fig. 7.24c) exhibit a maximum with respect to D as the model simu- 
lations indicate for e,/x. 

These results and others in Ref. 18 clearly demonstrate some of the benefits 
in applying more structured descriptions of cell population growth. The above 
model has successfully simulated fed-batch cultures (see Sec. 9.1.1) of S. cerevisiae 
and also describes well lag times in batch growth experiments. 

As a final example of this type, and one which represents the most compre- 
hensive structured model so far proposed for a microbial system, we consider the ` 
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Figure 7.24 (a) Model calculations of S. 
cerevisiae cell mass density x (solid line) 
and specific enzyme activities e,/x and e,/x 
(dashed lines) versus dilution rate D(h~’) in 
a Steady-state CSTR. Points show experimen- 
tally measured values of x. (b) Experimental 
data on specific activities of the typical fer- 
mentative enzymes, NADP*-associated glu- 
tamate dehydrogenase (GluDH—NADP*), 
and alcohol dehydrogenase (ADH). (c) Ex- 
perimentally measured specific activities of 
Tespiration-associated enzymes malate dehy- 
drogenase (MDH) and isocitrate lyase. ( Re- 
printed by permission from N. B. Pamment, 
R. J. Hall, and J. P. Barford, “ Mathematical 
Modeling of Lag Phases in Microbial Growth,” 
Biotechnol. Bioeng., vol. 20, P. 345, 1978.) 


single-cell model for E. coli formulated by Shuler and colleagues [24]. Figure 
7.25 shows schematically the pooled metabolites and biopolymers which are in- 
cluded in this model and the reactions (solid lines) which are presumed to occur 
in E. coli B/r A. Dashed lines denote information flow by which reaction kinetics 
are modulated. The model includes cross-wall formation reactions so that the 
simulated cell generation time is a natural output of this model rather than an 
input as it is for many other structured models. Since this model has been formu- 
lated to describe growth under either carbon or nitrogen source limitation, sub- 
stantial structure relating to transport and assimilation of these nutrients is 
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A, =ammonium ion 
A2 = glucose (and associated compounds in the cell) 


W = waste products (CO,, H20. and acetate) formed from energy metabolism during aerobic 
growth 


P, = amino acids 

P- = ribonucleotides 

P, = deoxyribonucleotides 
P, = cell envelope precursors 


M; = protein (both cytoplasmic and envelope) 
Morti = immature “stable” RNA 


Mort = mature “stable” RNA (rRNA and tRNA—assume 85% rRNA throughout) 
Mom = messenger RNA 
M; = DNA 


M, = nonprotein part of cell envelope (assume 16.7% peptidoglycan, 47.6% lipid, and 35.7% 
polysaccharide) 

M; = glycogen 

PG =ppGpp _ 

E, = enzymes in the conversion of P, to P3 


E2, E3 = molecules involved in directing cross-wall formation and cell envelope synthesis 
GLN = glutamine 


E,= glutamine synthetase 


+ . * 2 á 
—the material is present in the external environment 


Figure 7.25 Schematic diagram of a highly structured single-cell model for growth of E. coli B/r A on 
glucose-ammonium salts medium. ( Reprinted by permission from M. L. Shuler and M. M. Domach, 
“Mathematical Models of the Growth of Individual C ells,” in H. W. Blanch, E. T. Papoutsakis and G. 


Stephanopoulos (eds.), * Foundations of Biochemical Engineering,” p. 101, American Chemical Society. 
Washington, 1983.) 


included. ATP generation and utilization is considered in writing the reactions in 
Figure 7.25. 

Not represented in Figure 7.25 are important model details concerning reg- 
ulation of initiation of DNA synthesis. A repressor protein RP is synthesized in a 
short period (“burst synthesis”) and is neutralized by an antirepressor protein 
ARP which is synthesized at a rate proportional to cell envelope synthesis. When 


the free RP level is sufficiently low, transcription forming O-RNA, required for 
replication initiation, begins. Ta 


418 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


l/u. h 


0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
l/s (mg N/L)7! 


Figure 7.26 Double reciprocal plot of specific growth rate versus ammonium ion concentration for 
nitrogen-limited growth of E. coli Br A: ( , Model calculations; @, experimental data). ( Re- 
printed by permission from M. L. Shuler and M. M. Domach, “ Mathematical Models of the Growth of 
Individual Cells,” in H. W. Blanch, E. T. Papoutsakis and G. Stephanopoulos (eds.), “ Foundations of 
Biochemical Engineering,” p. 101, American Chemical Society, Washington, 1983.) 


Unfortunately, it is not possible to describe this model in full in a text of this 
scope. Reference 20 should be consulted for further details. The model contains of 
the order of 100 stoichiometric and kinetic parameters, almost all of which can 
be determined from previous literature on the biochemistry of E. coli growth. 
While the required information for formulating a model like this is great, so too 
are the model’s capabilities. 

The model simulates reasonably well the time of chromosome replication 
initiation and other key cell cycle properties over a broad range of growth rates. 
Shown in Fig. 7.26 is a double reciprocal plot of limiting nutrient, here ammo- 
nium ion, concentration vs. single cell specific growth rate for the model (line) 
and from experiment (points). Notice that both model and experiment indicate 
multiple mechanisms for ammonium utilization, manifested here by the change in 
slope at very large nutrient concentrations (small 1 /s). The growth rate, cell glyco- 
gen content, and cell size calculated from the model (Fig. 7.27) agree very well 
with experimental results. Williams’ model described earlier predicts larger cells 
at larger growth rates but the present model, with much more biochemical and 
metabolic structure, is able to show that cell size is also a function of which 


nutrient is growth-rate limiting. 
7.4.3 Modeling Cell Growth as an Optimum Process 


Studies of microbial growth oh mixtures of different Substrates have shown that 
the organisms typically consume preferentially the substrate providing most 
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Figure 7.27 Comparison of single- 
cell model results with experimen- 


. 5. tal data: ; cell volume from 
g Z model, glucose-limited growth 
3 = (O.W -= expt); ---; cell volume 
> = from model, ammonium-limited 

i growth (A = expt.); ----~, ° gly- 


cogen from model. ammonium- 
limited growth (@= expt.) /Re- 
printed by permission from M. L. 
Shuler and M. M. Domach, “ Math- 
ematical Models of the Growth of 
Individual Cells,” in H. W. Blanch, 
E. T. Papoutsakis, and G. Stephan- 
opoulos (eds.), “Foundations of 
Biochemical Engineering.” p. 101, 
American Chemical Society, Wash- 
ington, 1983.) 


rapid growth. The molecular bases for this kinetic behavior are the induction, 
repression, inhibition and activation processes discussed in Chaps. 3 and 6. Al- 
though kinetic models may be formulated based on these mechanisms (Sec. 
7.5.3), many parameters and detailed knowledge of the mechanism are required. 
An alternative approach, developed by Ramkrishna and colleagues, describes the 
effects of cellular regulatory processes as the outcome of an optimization strategy 
[21. 22]. The central idea here is that, through natural selection and evolution, 
biological systems have acquired the ability to exploit their environment in an 
optimum fashion. From this cybernetic model perspective, the actions of meta- 
bolic control systems are deducible as the optimum solution to a problem of 
resource allocation for achieving maximal growth. 

An optimization algorithm based on the matching law for resource alloca- 
tion has proved quite useful in modeling cell growth on mixed substrates. If the 
return from utilization of resource Z, is ©(Z;) and the total return (= sum of ©; 
is maximized subject to the constraint that the sum of Z;'s is equal to a fixed 
Value, the following matching law must be satisfied: 


d@, dO, dO; 
dZ; d2; dZ, 


=... (7.85) 


Suppose that the population growth rate depends upon the intracellular con- 
centrations e,, e3,...Of a set of enzymes which are required for assimilation of 


Re ee 
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substrates S,, S,,..., respectively. In particular, we shall write the contribution of 
substrate S; to biomass formation as 


Vy, = 1 jG,0; (7.86) 
where j 
HiS; X 
= 7.87 
ae (7.87) 


The weighting factor v; is determined by matching law consideration of the 
energy yield of consumption of different substrates which suggests 


,=e tt. (7.88) 


where v; is the energy released per unit mass of substrate j consumed. Applying 
the matching law to allocation of cellular resources for enzyme synthesis, the rate 
of synthesis of enzyme E; is taken to be 


eget aye 7.89 
Fy Ei Kg, T Si Hi | ( ) 
where 
r.e- 
Le = Ss (7.90) 
yi Tjej 


A significant attribute of this model is the ability to determine all kinetic 
parameters from experiments using single substrates. All aspects of population 


10° 


Cell concentration, g/L 
= 


107° 1. 
0.00 5.00 10.00 15.00 20.00 


Time, h 


Figure 7.28 Comparison of experimental diauxic batch growth data (x) for Klebsiella oxyloca in 
arabinose-lactose medium with cybernetic model calculations (—). (Reprinted by permission from D. 
S. Kompala, D. Ramkrishna. and G. T. Tsao, “Cybernetic Modeling of Microbial Growth on Multiple 
Substrates,” Biotechnol. Bioeng.. vol. 26, p. 1272, 1984.) - 
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growth kinetics in mixed substrate environments are implied by the optimization 
strategy. Fig. 7.28 shows model results and experimental data for growth of the 
bacterium Klebsiella oxyloca in a medium containing arabinose and lactose. Cor- 
responding model parameters, identified in Separate experiments. are listed in 
Ref. 22. Here the model successfully simulates a long lag time between growth on 
lactose and slower growth on arabinose. Other investigations of models of this 
class have shown excellent qualitative and quantitative simulations of triauxic 
growth on three substrates in batch culture and of steady-state and transient 
behavior of microbial CSTRs. Extensions of the cybernetic approach considering 
other optimization strategies and applications to product formation should prove 
interesting. This modeling methodology poses an intriguing alternative to models 
which represent metabolism as a simplified chemical reaction network. 


7.5 PRODUCT FORMATION KINETICS 


The types of kinetic descriptions that may be employed for product formation by 
cell populations parallel those used to describe cell population growth. Struc- 
tured and unstructured approaches are available. As we shall see in Sec. 7.5.3, it 
is possible to formulate useful models of protein synthesis kinetics at the mo- 
lecular level, taking advantage of contemporary understanding of molecular 
controls. 


7.5.1 Unstructured Models 


The simplest types of product formation kinetics arise when there is a simple 
stoichiometric connection between product formation and substrate utilization or 
cell growth. Then, the product formation rate r sp May be written 


res = — Yous! f, (7.91) 
Or 


Tr, = Yorn (7.92) 


respectively. Such cases arise in type I fermentations discussed in Sec. 5.9.3. The 
alcohol fermentation, shown in batch culture in Figure 7.29, is an example of this 
class. Such product formation kinetics are sometimes called growth associated. 
In many fermentations, especially those involving secondary metabolites, sig- 
nificant product formation does not occur until relatively late in a batch cultiva- 
tion, perhaps approaching or into stationary phase. The penicillin fermentation 
data in Fig. 7.30 exemplify such behavior. Occasionally a simple nongrowth asso- 
clated model suffices for product formation kinetics in such cases. In such a 


model, production rate is proportional to cell concentration rather than growth 
rate. were 


Rep 


422 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


a EO tty 


6 A Mycelial dry wt. g/L 
B Alcohol 
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Fermentation time. h 


Figure 7.29 The alcohol fermentation exhibits simple growth-associated product formation kinetics 
(a) time course, (b) volumetric rates, and (c) specific rates. / Reprinted from R. Leudeking, “ Fermen- 
tation Process Kinetics,” in N. Blakebrough (ed.), “Biochemical and Biological Engineering. voi. 1. 
p- 203, Academic Press, Inc. í London) Lid., London, 1967. J 


inetics 
ormen- 
rol. l. 


oo A OAN Ree 2c ARE das 


BIOMASS PRODUCTION IN CELL CULTURES 423 
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C Sugar used, g/L 


8 Penicillin 
synthesis. g/(L'h) 
C Sugar utilization. 
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C Sugar utilization, 
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Figure 7.30 More complex kinetics for production of penicillin, a secondary metabolite: (a) time 
course, (b) volumetric rates, and (c) specific rates. {Reprinted from R. Leudeking, “ Fermentation 
Process Kinetics,” in N., Blakebrough (ed.), “Biochemical and Biological Engineering,” vol. |, p. 205, 
Academic Press, Inc. (London ) Ltd., London, 1967. J 


The now classic study of Leudeking and Piret’ on the lactic acid fermenta- 
tion by Lactobacillus delbruekii indicated product formation kinetics which com- 
bined growth-associated and nongrowth-associated contributions: © 


rr = ory + Bx (7.93) 


This two-parameter kinetic expression, often termed Leudeking-Piret kinetics, has 
Proved extremely useful and versatile in fitting product formation data from 


R. Leudeking and E. L. Piret, A Kinetic Study of the Lactic Acid Fermentation, J. Biochem. 
Microbiol. Technol. Eng., 1: 393, 1959. - ai 


424 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


many different fermentations. This is an expected kinetic form when the product 
is the result of energy-yielding metabolism, as in several anaerobic fermentations. 
In this case the first and second terms in Eq. (7.93) may be identified with energy 
used for growth and for maintenance, respectively (see, for example, Ref. 5). 


Example 7.1: Sequential Parameter Estimation for a Simple Batch Fermentation We consider here a 
batch fermentation model in which growth is described by the logistic Eq. (7.51) and product forma- 
tion is described by Leudeking-Piret kinetics [Eq. 7.93)] 


d 
—=a—+ px (7E1.1) 


Substrate utilization kinetics are given by the following equation which considers substrate conver- 
sion to cell mass, to product, and substrate consumption for maintenance: 


ds 1 dx 1 dp i 7E12) 
di Yxgdt Yppdt 7 ee 


Substituting Eq. (7.91) into Eq. (7E1.2) allows the substrate material balance to be rewritten as 


ds dx 
Sy ae (7E1.3) 


where 


+k, (7E1.4) 


This and similar models can describe many fermentations of practical interest including those in 
which multiple products are formed [25]. Also, a convenient set of graphical methods for sequential 
estimation of model parameters has been presented which is summarized next. 

Rearranging Eq. (7.52) gives 


x(t)/x, Xs 
a eA =kt— ln f — | (7E1.5) 
; 1— x(t)/x, Xo 


showing that, after x, is determined by inspection, a plot of 


x(t)/xs 
In| ——— 
1 — x(t)/x, 
vs. t has a slope of k and an intercept which can be used to evaluate xg. Turning next to product 


formation kinetic parameters, Leudeking-Piret kinetics in the stationary phase of batch culture imply 


B = (dp/dt) stationary phase 


F (7E1.6) 
Integrating Eq. (7E1.1) with x given by Eq. (7.51) gives 
x, Xo 
P(t) — Po — Az) 1 ot e| = a[ x(t) — xo] (7E1.7) 


allowing determination of x by a plot of the left-hand side of Eq. (7E1.7) vs. [x(t) — x9]. The param- 
eters y and y in the substrate utilization equation are evaluated in the same manner as presented for a 
and £. 
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Table 7E1.1 Kinetic model parameter values for several different fer- 
mentations producing extracellular polysaccharides 

(Reprinted by permission from D. F. Ollis. “A Simple Batch Fermentation Model: 
Theme and Variations” Annals N.Y. Acad. Sci., vol. 413, p. 144, 1983}. 
n 


Product 
ee a a 
Fermentation B x 
eee 
Xanthan gum 0.155 gP/gX-h 1.83 gP/gX 
Pullulan 
(pH 4.5) 0 89 wt®,.(g-day/100mL) 
(pH 3.5) 0 135 wt°,/(g-day/100mL) 
(pH 6.5) 0 110 wt°,;(g-day/100mL) 
Alginic acid 0 1.60 gP/gx 
Pseudomonas sp 10-3 gP/ODU-h 0 
Substrate Biomass 
re St a 
Fermentation y y k 
eee 
Xanthan gum 2.0 gS/gX 0.284 gS’gX-h = 0.15 hw 
Pullulan 
MOPS 0 Sddaiteae hoe Neen ar Sy bys 1.12 h`! 
(PH:3J)J eee estates a chs dann h anne as 0.89 h`! 
(PH GS) ë OA ~ alu ett dees ena 1.12 h`! 
Alginic acid 6.6 gS/gX 0.015 gS/gX-h 0.12 h`? 


Pseudomonas sp 0.165 °<(w/v)/ODU 2.8 x 10°? %(w-v)/ODU 0.31 h“? 


Table 7E1.1 lists the kinetic parameter values determined by this procedure for four different 
fermentations producing extracellular polysaccharides. These results show that extracellular bio- 
polymer production kinetics may be growth-associated (pullulan and polyalginate), nongrowth- 
associated (biopolymer from Pseudomonas sp.) or mixed (xanthan gum). 


The time course of product concentration in the medium during a batch 
fermentation can be quite complicated, and more than one product may be 
formed and interconverted. F. H. Deindoerfer introduced a Classification of many 
of these possibilities which serves to illustrate some possible cases (Table 7.4). In 
some situations, complicated product formation kinetics may result from changes 
in cell metabolic operation during the reaction. A good example of this (with 
substantial practical and historical importance) is the production of acetone and 
butanol by the bacterium Clostridium acetobutylicum (Fig. 7.31). In the initial 
period of a batch fermentation, glucose is converted to acetic and butyric acids 
which subsequently are converted, along with glucose, to acetone and butanol. 
Product formation by cells may also occur simultaneously with chemical reac- 
tions of the product in the medium, such as spontaneous hydrolysis of penicillin. 
Kinetic description of such complications may require consideration of addition- 
al reactions in the model for product formation: ~ i 


cn 


426 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


Table 7.4 Deindoerfer’s classification of fermentation patterns’ 
ee ee 


i 
Type Description : 
ye a a a if 
Simple Nutrients converted to products in a fixed stoichiometry without ' 
accumulation of intermediates j 
Simultaneous Nutrients converted to products in variable stoichiometric proportion without : 
accumulation of intermediates 
Consecutive Nutrients converted to product with accumulation of an intermediate 
Stepwise Nutrients completely converted to intermediate before conversion to product, 


or selectively converted to product in preferential order 


"F. H. Deindoerfer, Adv. Appl. Microbiol., 2: 321, 1960. 


7.5.2 Chemically Structured Product Formation Kinetics Models 


Compared to kinetic studies of single-cell or cell population growth, relatively 
little development of structured kinetic models for product formation has so far 
occurred. We can expect, however, many such models to emerge in the future as 
natural extensions of current structured growth models. In this section we con- 
sider an interesting secondary metabolite production process which serves as a 
useful introduction to several important aspects of many antibiotic fermentations 
as well as to new considerations in kinetic modeling. 
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Figure 7.31 Experimental data for product formation during batch growth of Cl. acetobutylicum at 
PH 5.0 (Q glucose. @ cell mass. acetic acid, O butyric acid, & acetone. A butanol, > ethanol). 
Reprinted by permission from J. M. Custa and A. R. Moreira..“Growth Inhibition Kinetics for the 
Acetone-Butanol Fermentation.” ACS Symposium Series vol. 207. p. 501. 1983. : 
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Synthesis of several microbial antibiotics and other secondary metabolites is 
inhibited by high concentrations of phosphate. Since phosphate is required for 
growth, an optimum phosphate level presumably exists. Such an optimum with 
respect to initial phosphate medium concentration was observed, for example, in 
production of alkaloids by Claviceps purpurea (Fig. 7.32). : 

The experimental data in Fig. 7.32 is well described by the following kinetic 
model for batch growth and product formation [26]: 


Growth 


dx 
oo k,[l — exp(—K,p,]x — kx? (7.94) 


Extracellular phosphate 


(7.95) 


0 10 Days 20 0 10 Days 20 
Po = 0.0 g L7! 


0 10 Days 20 
Po = 1.0g-L"! 


Figure 7.32 Batch cultivation data showing C. purpurea mass density (g dry weight/L, @) and 
total alkaloids production (mg/L, O) for different initial medium phosphate concentrations. Solid 
curves computed from mathematical model described in the text. (Reprinted by permission from 
S. PaZoutova, J. Votruba, and Z. Řeháček” A Mathematical Model of Growth and Alkaloid Production 
in the Submerged Culture of Claviceps purpurea,” Biotechnol. Bioeng., vol. 23, p. 2837, 1981.) 
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Intracellular phosphate 


dp; p 
a poke ~k (Yox + pall — exp (—K,p,)] (7.96) 
Product formation 
ATE (7.97) 
dt K, +p; 


In this model the specific growth rate is described by the Teissier equation based 
on intracellular phosphate concentration Pi (g KH,PO,/g biomass; an intrinsic 
cell composition variable. All other composition variables in this model have 
units of grams per liter of culture). The term k,x? is used to describe the rate of 
cell lysis. 

This lysis releases phosphate into the medium in quantity proportional to 
the cell mass phosphate content ¥px and the intracellular phosphate concentra- 
tion p; as indicated by the second term on the right-hand side of Eq. (7.95). The 
first term describes active transport of phosphate into the cells with saturation 
kinetics. The intracellular phosphate material balance (7.96) is based on Eq. 
(7.67), noting that the rate of formation of intracellular phosphate is the differ- 
ence between the rate of phosphate transport into the cell and the rate of phos- 
phate incorporation into cell material. The product formation kinetic model in- 
cludes inhibition by phosphate in a form suggested by earlier modeling studies of 
repression of phosphatase enzyme. 

The solid curves in Fig. 7.32 were calculated using the above model and the 
parameter values listed in Table 7.5. While the growth model is not very accurate 
at high medium phosphate levels, the time course and maximum accumulation of 


Table 7.5 Parameter values for the Structured kinetic 
model of alkaloids production by C. Purpurea 

(Reprinted by permission from S. Pazoutova, J. Vortruba, and Z. 
Řeháček, “A Mathematical Model of Growth and Alkaloid Production 


in the Submerged Culture of Claviceps purpurea,” Biotechnol. Bioeng., 
vol. 23, p. 2837, 1981.) 


Individual confidence 


Parameter Dimension Value limit 

TT 
k, day~? 0.5 0.058 

k, L/g day 0.016 0.0024 

k, day™? 0.0575 0.017 

k; mg/g day 6.028 1.69 

Yeye openad 0.0025 0.0024 

Ka a 1.87 x 1074 1.73 x 1074 

K, g/L 4.29 x 1074 6.67 x 1074 F 
Ke a 4.65 x 1074 984x1075 A 
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total alkaloids are well represented by this structured model. Based on this 
model, it was found that total alkaloids production is maximized when the initial 
medium phosphate concentration is 0.17 g/L. Model simulations of various phos- 
phate feeding strategies, in which phosphate is added at several different times in 
the batch, did not indicate significant increases in alkaloids production for this 
fermentation relative to conventional batch fermentation with optimized initial 
medium phosphate concentration. In other situations, considered in later 
chapters, fed batch operation can provide substantial benefits. 


7.5.3 Product Formation Kinetics Based on Molecular Mechanisms: 
Genetically Structured Models 


The more closely a kinetic description represents the actual chemical events 
which occur, the more robust is the kinetic model. Here “robust” means that the 
model is more likely to give good results when applied to conditions different 
from those used to evaluate the model and determine its parameters. In the case 
of protein synthesis, important in practice in manufacture of enzymes, hormones, 
and other commercial polypeptides, our knowledge of the pertinent mechanisms 
permits formulation of kinetic models at the level of molecular events and inter- 
actions. Such models should be extremely robust and should prove valuable for 
environmental and genetic optimization. 

A material balance on mRNA obtained by transcription of a particular gene 
G may be written as follows (Ref. 27) (brackets are used here to indicate molar 
concentrations within the cell; mols/unit volume cell): 


ARNA] = k,n{G] — k,[mRNA] — [mRNA] (7.98) 
where k, is the overall transcription rate constant and k, is the rate constant for 
deactivation and/or destruction of the mRNA, both processes presumed first- 
order. The promoter utilization efficiency y is introduced in Eq. (7.98) to account 
for modulation of transcription by an operator system. Indeed, in many cases of 
practical interest, evaluation of ņ in terms of effector protein level and inducer or 
repressor concentration is the critical part of the modeling problem. 

In a similar fashion, a material balance can be written for the intracellular 
concentration of the product of translation, namely the protein of interest. 


AUT = k,glmRNA] — k,{P] — uP] (7.99) 


Here the synthesis rate is proportional to the concentration of mRNA coding for 
the protein and the efficiency € of utilization of this mRNA at the ribosomes (for 
example, changing the nucleotide sequence of the ribosome binding site in the 
message would be expected to change the value of €). Deactivation of active 
Protein is again presumed first-order. 
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Table 7.6 Parameter values for gene expression 
kinetics in £. coli. 

These are average values which may require adjustment for 
a particular gene and corresponding protein. The specific 
growth rate u is presumed to have units of h`!. (Adapted 
from S. B. Lee and J. E. Bailey, “Analysis of Growth Rate 
Effects on Productivity of Recombinant Escherichia coli 
Populations,” Biotech. Bioeng. vol. 26, Pp. 66, 1984.) 


Parameter Value Units 

eee 
Ks _ 2400/(233 u~? + 78) min`! 
k, 36000/(82.5 w=! + 145) min`! 


a=1forp>In2 
x = u/n 2 foru < In 2 
ka 0.46 min`? 
ke 0.07 min”! 


For balanced growth, the time derivatives of [mRNA] and [P] are both 
zero, and the two resulting algebraic equations may be used to obtain 


py = —kekLG]én 
(ka + uX(ke + u) 


This equation expresses the intracellular product concentration directly in terms 
of parameters which characterize gene expression and mRNA and product stabil- 
ity in the cell. Characteristic, average values of the model parameters for protein 
synthesis in E. coli are listed in Table 7.6. Included in this tabulation are the 
estimated growth rate dependencies of the transcription and translation rate 
parameters. 

Currently available data Suggests that, in many cases, gene expression rates 
in E. coli are limited at the level of transcription. Consequently, the rate of 
expression of an operator-regulated gene depends on the efficiency of transcrip- 
tion of that gene which in turn is determined by interactions of modulating 
species at operator sites and RNA polymerase binding. As an example analysis of 
such a system, we shall consider the E. coli lac promoter-operator, and we shall 
focus on the influence of lac repressor, inducer, and DNA interactions on gene 
expression, and thus f-galactosidase activity [28]. 

The amount of enzyme produced is proportional to the promoter utilization 
efficiency 4 which in turn is proportional to the probability that the operator site 
O is not bound to repressor protein R. Thus 


(7.100) 


[P] = K> (7.101) 


Where [O]o is the total concentration of operator sites_in the E. coli cell. The 
fraction appearing on the right-hand side of Eq. (7.101) can be evaluated by 
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considering the following interactions among R, O, other nonspecific binding . 
sites on DNA designated D, and inducer J, all of which are presumed to be at 
equilibrium: 


R+0O=RO K, | (7.102a) 
R+D=RD Ki (7.102b) 
R+1=RI Ke (7.102c) 

RI+O=RIO_ K, (7.102d) 

RI+D=RID K; (7.102e) 


Species O can exist in three different forms so that an overall balance on O 
gives 


[O] = [0] + [RO] + [RIO] (7.103) 
Similarly, an overall balance on R may be written 
[R]o = [R] + [RI] + [RO] + [RD] + [RIO] + [RID] (7.104) 
Since the concentration of nonspecific binding sites D on the DNA is much 
greater than the total concentration of R, we may assume that 
[D] = [D]o (7.105) 


Using this approximation and the equilibrium relationships for the interactions 


in Eq. (7.102) in Eqs. (7.104) and (7.105) and neglecting terms multiplied by 
[OJo/LR]o. we find 


([P] =K l + Ka[D]o + Kc[I]Q + K,[D]p) 
1 + Ks[D]o + Ke{I](1 + KelD]o) + (Ky + K-K UDUR] 


(7.106) 


Experimental information from the literature provides values, at least in an order 
of magnitude sense, for the parameters in this equation [28] 


[D], =4 x 107?M Kı =2*% 10M7! 
Kg=1 x 10M7! Kc =1x 10M7! (7.107) 
Kp=2 x 10°M7! Kg = 1.5 x 10M7! 


While a large quantity of experimental data is required to establish such a 
model, consideration of molecular interactions in formulating a kinetic model has 
several benefits. The parameters in the model have precise physical interpreta- 
tions and can often be measured in separate, in vitro experiments. Also, models 
ai this level possess what has been called genetic structure. That is, a specific 
genetic change, say a change in the nucleotide sequence of the lac operator, has 
an unambiguous effect on specific model parameters—in particular, the param- 
eters K, and Kp which characterize interactions with the lac operator nucleotide 
sequence. As our knowledge of DNA-protein interactions improves, it may be 
Possible to calculate the influence of certaip-nucleotide “sequence-changes’:on 


eee 
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Table 7.7 Calculated and experimentally measured values of f-galactosi- 
dase activity under control of the Jac promoter-operator for wild-type E. 
coli and for three mutants (i`, if, i) producing different intracellula 
levels of lac repressor R([R]) = 2 x 1078 M) : l 
(Reprinted by permission from J. E. Bailey, M. Hjortso, S. B. Lee, and F. Srienc, “ Kinetics 


of Product Formation and Plasmid Segregation in Recombinant Microbial Populations,” 
Annals NY Acad. Sci., vol. 413, p. 71, 1983.) 


B-Galactosidase activity* 


Repressor 
Genotype concentration Inducer Calculated Experimental Reference 
Sa a ee 
iT 0 — 113 100-140 33 
i` 0 + 113 100-130 33 
it [R]o — 0.1 <0.1 33 
i* [R]o + 100 100 33 
if 10[R], — 0.011 0.01-0.014 34 
it 10[R]o + 62 65 35 
Ra S5O[R]> — 0.002 0.003-0.004 34 
is SO[R]o + 23 25 35 


° Normalized to 100% for induced wild-type (i*), inducer concentration 107? M. 


corresponding DNA-protein binding constants. Then, a kinetic model formulated 
at the molecular level will allow mapping of nucleotide sequence into cell popula- 
tion productivity. The potential of such capability for rational, quantitative opti- 
mization of the genetic makeup of the organism (or at least cloned DNA inserts) 
is clear. 

As an example, we shall examine the use of Eq. (7.106) to calculate the effect 
of changed repressor levels on induced and uninduced transcription rates of the 
chromosomal lac promoter-operator in E. coli. Corresponding data is available 
for E. coli. mutant strains i”, if, and i“. Since the intracellular repressor concen- 
trations have been measured for these mutants, these measured values may be 
used in the model directly, and none of the remaining model parameters are 
changed. As shown in Table 7.7. the model successfully represents the effects of 
changes in repressor content of the cells under inducing and noninducing cultiva- 


tion environments. Additional examples of molecular level regulation models are 
available in the chapter references, 


7.5.4 Product Formation Kinetics by Filamentous Organisms 


The kinetics of product formation and substrate utilization by molds and other 
filamentous microbes is usually quite complex. A typical example is the batch 
fermentation of penicillin. As Fig. 7.30 shows, there are three different regimes of 
substrate uptake. For the first 20h, rapid sugar utilization accompanies active 
growth of mold. As the growth curve passes through: the Stationary phase, sub- 
Strate utilization is slow while product-formation rates are at their peak. Follow- 
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Table 7.8 Stages in batch production of oxytetracycline by Streptomyces remosus 
in submerged culture’ 


Stage Comment 
-} Lag Lasts about 90 min wen the inoculum is small: metabolic activity 
not measurable 
2 Growth of primary Depending on inoculum, lasts from 10 to 25 h: respiration, nucleic 
mycelium acid synthesis, and other metabolic activities at very high level: 
pyruvic acid concentration at peak; no antibiotic formed 
3 Fragmentation of primary Lasts about 10 h, during which growth of the mycelium ceases, 
mycelium respiration and nucleic acid synthesis decrease. and pyruvic acid 
concentration drops to very low value 
4 Growth of secondary During the 25 h of this phase the secondary mycelium grows to level 
mycelium 2 to 4 times higher than in Stage 2; filaments now thin, as 


contrasted to earlier thick ones; antibiotic production increases 
rapidly now, nucleic acid synthesis is renewed, but respiration 
continues to decrease; sugars and ammonia nitrogen rapidly 
depleted; pyruvic acid concentration may increase slightly 

5 Stationary phase Growth ceases and metabolic acitivity is low as the cycle enters this 


Stage; antibiotic production continues for a time, but on a specific 
basis its rate is comparatively low 


eS 

"R. Luedeking, p. 208 in N. Blakebrough (ed.), Biochemical and Biological Engineering, vol. 1, 
Academic Press, Inc., New York, 1967; see also J. Doskacil, B. Sikyta, J. Kasparova, D. Poskocilova, 
and J. Zajicek, J. Gen. Microbiol., 18: 302, 1958. 


ing this portion of the fermentation, sugar is again consumed rapidly until it is 
exhausted. 

Several other antibiotic fermentations exhibit similar patterns, although there 
is no general rule applicable to all such fermentations. In streptomycin produc- 
tion, for example, the maximum product synthesis rate is found later in the cycle 
than for penicillin, and no final rapid sugar-uptake phase occurs. Another anti- 
biotic fermentation involving filamentous organisms, oxytetraycline produced by 
Streptomyces rimosus, is of interest because it introduces the importance of mor- 
phology for satisfactory performance of the fermentation. Table 7.8 summarizes 
the major features of this fermentation. 

Listed below are some of the experimental findings on filamentous organisms 


and product release which illustrate some of the peculiar features of these 
systems. 


l. There is an optimal initial substrate concentration for maximum product 
yield in a fixed batch time. If there is too much substrate, a “fast fermenta- 
tion” results, in which little product is formed and substrate is used primarily 
for biomass production. If there is too little substrate, not enough biomass is 
formed to manufacture product in the production phase. 


pcs rn 
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2. Product formation is maximized by minimizing the branching in actively 
growing hyphae in the inoculum. However, the smaller the degree of branch- 
ing, the longer the lag phase and hence the longer the required batch time. 
Consequently, there is also an optimal condition for the inoculum. 

3. Since fermentations conducted by molds and other mycelial microorganisms 
are aerobic, it would seem that mixing of a submerged culture should be as 
intense as possible in order to promote vigorous oxygen transfer to the mold. 
This is not the case for the penicillin fermentation, where an intermediate 
degree of agitation has been found to maximize penicillin yields. There are 
several possible explanations. The morphology of the mold is affected by the 
applied forces; more vigorous mixing promotes branching of the hyphae, 
which is believed to decrease product formation. Alternatively, there may 
well be an optimal rate of oxygen supply, but this is extremely difficult to 
determine because of the complexity of the system. (Mixing effects are recon- 
sidered in Chap. 8.) 


Example 7.2: A Morphologically Structured Kinetic Model for Cephalosporin C Production [14] 
Experimental studies of production of the antibiotic cephalosporin C(CPC) .by submerged culture 
of the mold Cephalosporium acremonium have shown three morphological forms: hyphae (h), swollen 
hyphal fragments (s), and arthrospores (a). These three forms are interconverted according to medium 
composition as indicated schematically in Fig. 7E2.1. As indicated in the figure, CPC is produced 
primarily by the swollen hyphal fragments. CPC synthesis rate is directly related to the activity of 
CPC-synthesis enzymes which are induced by intracellular methionine and which are repressed by 
glucose. 

Based on this information, the following structured model for batch cultivation has been formu- 
lated: 


Mold growth and differentiation 


aXy _ _Hnd x, — B(g, m)x, — kpx (7E2.1) 
dt K, +g h g, h D*h - 
dx, 
a~ B(g, m)x, — x(g9)xs — kpXs (7E2.2) 
dx, 
ao y(g)x; — kpXa (7E2.3) 
where 
kiam g 
S ES 7E2.4 
B(g, m) (4: aa ( ) 
ES E E EEK (7E2.5) 
VG 21 22 K,+9 ; 


Note that the total biomass is partitioned here into the three different morphological types observed 
ex l Daa : 

perimentally. Medium glucose and methionine mass concentrations are given by g and m, 
respectively. 


The substrate utilization model presumes glucose and methionine uptake by the h and s mor- 
phological states only. f 
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Hyphae Swollen hyphal fragments Arthrospores 
wa — OO 
A 
f f 
Assimilation of | Depletion of 
methionine and glucose 
glucose 


[<= Induction by endogenous methionine 


<== Catabolite repression by glucose 


CPC-synthesizing enzyme(s) 


/ 


CPC 


Figure 7E2.1 Schematic diagram of the different mold morphologies, their transitions, and cephalo- 
sporin C (CPC) production by C. acremonium. ( Reprinted by permission from M. Matsumura, 


T. Imanaka, T. Yoshida, and H. Taguchi, “ Modeling of Cephalosporin C Production and Its Application 
to Fed-Batch Culture”, J. Ferment. Tech. (Japan), vol. 59, p. 115, 1981.) 


Glucose and methionine utilization 


dg =a Hm9Xh = Vm9Xs (7E2.6) 
dt Yucl(g +K) 9+ K, 

dm 

— = —U,x, — U,x, (7E2.7) 
dt A 

where 

U ai k (7E2.8) 

"m+ K,, ‘m+ K,, l 


Eqs. (7E2.1) through (7E2.8) have been used to calculate batch growth and substrate utilization, and 
model parameters have been adjusted by a simplex optimization method to maximize model corre- 
spondence with experimental data. In this way, the group 1 parameter values listed in Table 7E2.1 
were determined. 

Because of the significance of intracellular methionine in regulating expression of CPC-synthetic 
enzymes, the kinetic model has also been chemically structured to evaluate the concentrations m,,, 


Mis. and m,, (all in units pmol-g cell) of methionine inside the h, s. and a morphological forms, respec- 
tively. The material balances used are 


Intracellular methionine 


dm;, Vi ug Hm 
~ = Up t Vie hai — ~ mM; Mir _ (7E29) 
dt y " K,+9 * K,+9 
dm; Vewid P(g. m)x, 
dt = U, + V syn Kss Mis T K, +g Mis x, (mi, > Mis) (7E2.10) 
dmi, Xs 
a aaa ae Majo A . (7E2.11) 


ii a £ 
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Table 7E2.1 Estimated parameter values for cephalosporin C product formation 
model 

(Reprinted by permission from M. Matsumura, T. Imanaka, T. Yoshida, and H. Taguchi, “ Modeling of 
Cephalosporin C Production and its Application to Fed-Batch Culture,” J. Ferment. Tech. (Japan), vol. 
59, p. 115, 1981.) 


Group 1 Group 2 Group 3 

Oe ee a a ee SS 
Um 0.069 (h7*) vm 8.7 (umol-met/g-cell/h) Vme 1.2 (mg-CPC/g-cell/h*) 
Ys 0.45 (g-cell/g-glu) kan 7.1 (b7?) K, 120 (umol-met/g-cell) 
Ko 005 (g-glu/L) vmx, 48.6 (h`!) t, 130 (b) 

k,, 0.015 (h`}) ves, 6.6 (umol-met/g-cell/h) x 0.29 (—) 

ky, 0.024 (h`?) ke 1.4 (h7?) a 015 (-) 

ka, 0.004 (h`’) yea, 22h?) n 1.6 (-) 

ky, 0.028 (h~#) ky, 78 (h`?) n 51 (=) 

Ky 0001 (g-met/L) kep 0.38 (h` ') 

va 0.023 (g-glu/g-cell/h) kpp 0.012 (h7?) 


Uma 9.0012 (g-met/g-cell/h) 
Ums 0.0098 (g-met/g-cell/h) 
ky 0.014 (h75 


Group 1: parameters related to growth and substrate consumption 
Group 2: parameters related to accumulation of endogenous methionine 
Group 3: parameters related to formation of CPC-synthesizing enzymes and CPC production 


In formulating these equations, it has been assumed that the methionine biosynthesis rate is inversely 
proportional to the intracellular methionine concentration and that presence of glucose in the me- 
dium increases the rate of methionine utilization for protein synthesis. The average intracellular 
methionine concentration is 


in t sts + XqMig 
Zo (7E2.12) 
x 


where 


X = Xp + Xs + Xa (7E2.13) 


Now, the model is complete with respect to growth, substrate utilization, and intracellular methionine 
level, and new parameters introduced in Eqs. (7E2.9) through (7E2.11) may now be estimated by 
comparison of measured and calculated m; values. These estimates appear in the group 2 column in 
Table 7E2.1. 

Product synthesis rate is presumed to depend on activity of CPC-synthetic enzymes designated 
e(mg CPC-h~!-g cell") which is described by the following equation: 


Enzyme synthesis 


x,\ Mis + Ke 


de 1 Vn Mis Xs x 


where 


a 


1 + (K/x"g 


= (7E2.15) 
1+ (x/a"X1 + ng" 
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Figure 7E2.2 Model simulations (lines) and experimental data (points) for CPC production in batch 
culture of C. acremonium. M, = intracellular methionine. (Reprinted by permission from M. 
Matsumura, T. Imamaka, T. Yoshida, and H. Taguchi, “ Modeling of Cephalosporin C Production 
and Its Application to Fed-Batch Culture,” J. Ferment. Tech. ( Japan), vol. 59, p. 115, 1981.) 


Q represents catabolite repression by glucose. The subscript (t — t,) denotes evaluation at time t — th 
this time shift is introduced here as a way of representing the required lag time between induction and 
gene expression. Finally, the rate of product CPC formation is described in this model by 


Product formation 


dp 
g7 kppp (7E2.16) 


Parameters appearing in Eqs. (7E2.15) and (7E2.16) estimated from product formation data are listed 
as Group 3 in Table 7E2.1. 

Figure 7E2.2 shows experimental (points) and model simulations (lines) of a batch cultivation. 
Note the increase and decline with time in the swollen fragment(s) morphological form and the 
buildup of arthrospores late in the fermentation. The model simulates very well the unusual trajectory 
of intracellular methionine concentration. However, after formulating a model of this complexity and 
devoting large efforts to parameter estimation, the model should be useful for simulations of a broad 
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Figure 7E2.3 Model simulation of the effect of (a) initial glucose concentration and (b) the time of 
Methionine addition on CPC production. (Reprinted by permission from M. Matsumura, T. Imanaka, 
T. Yoshida, and H. Taguchi, “Modeling of Cephalosporin €- Production and its Application to Fed- 
Batch Culture,” J. Ferment. Tech. (Japan), vol. 59, p. 115, 1981.) 
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range of different cultivation conditions. The present model fulfills this requirement quite well. Plotted 
in Fig. 7E2.3 is the dependency of total CPC production on initial glucose concentration (a) and the 
time of addition of methionine to the culture (b) as calculated from the model. The former has a clear 
maximum in agreement with experimental observations, and the latter indicates the advantage of 
early methionine addition as was shown also in experiment. The model was also utilized to predict 
that feeding both glucose and methionine during batch cultivation significantly improved CPC pro- 
duction while feeding of either component individually had relatively small effects. Subsequent experi- 
ments confirmed these findings. 


7.6 SEGREGATED KINETIC MODELS OF 
GROWTH AND PRODUCT FORMATION 


Cell populations are typically heterogeneous with respect to individual cell size, 
age, growth rates, and other properties. Because of the closer correspondence 
with this physical reality, it is appealing to include consideration of the distribu- 
tion of different single-cell types and corresponding biochemical activities in for- 
mulating kinetic models for cell populations. Another benefit of this approach is 
the opportunity of connecting cell cycle features and other single-cell properties 
with overall characteristics of the population. The major disadvantage of segre- 
gated kinetic models is their mathematical complexity. Because of this, we focus 
here on the age distribution and correlated distributions for a population of cells 
that divide by binary fission. Derivations of the population balance equations 
used in segregated models and solution of these models for several microbial 
systems are provided in Refs. 29 to 31. 

The frequency function of cell age, W(a), has the following significance: 
W(a) da is the fraction of cells with ages between a and a + da. In this discussion, 
a will denote cell cycle age with age zero assigned to newborn cells. Then, divid- 
ing cells have age tp, the cell cycle time or doubling time for a single cell. For 
balanced exponential growth of the population, the population balance based 
upon cell age has the following form 


dW(a) | 
da 


— uW(a) (7.108) 


where u is the overall specific growth rate of the population. Since all cells in the 
population have ages between zero and tp, Wmust also satisfy 


| W(a)da=1 ` (7.109) 
0 

In several instances cell division does not always produce two viable prog- 
eny. This may occur because of some aging or death process. Such a case also 
arises in growth in selective medium of a population containing unstable plas- 
mids. Letting © denote the number (usually fractional) of nonviable progeny 
produced by binary fission of a viable cell, a cell balance relating dividing and 
newborn viable cells gives Te 


W(O) = (2 — ©)W(tp) . (7.110) 
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The solution of Eq. (7.108) subject to conditions (7.109) and (7.110) is 


P ms 
mas 6 )uem (7.111) 


XN 


Substituting Eq. (7.111) into Eq. (7.110) yields the following relationship between 
overall growth rate u and cell generation time 


In(2 — ©) 
u= — (7.112) 
Since the overall doubling time of the population fp is given by 
Ep = In 2/u (7.113) 
we see that 
Single cell generation time tp In(2— 6) 
- — SE (7.114) 
Population doubling time ts In 2 


Thus, if © is not zero, ty is less than fp. This relatively simple example introduces 
a very important concept: overall kinetic properties of the population do not 
necessarily correspond to kinetic properties at the single cell level. 

In many cases the age density function, which cannot be directly observed. 
may be used to calculate other frequency functions and average population prop- 
erties with direct physical significance. Suppose, for example, that some cell com- 
ponents or products are synthesized at a constant rate by cells with cell cycle 
ages between a, and a,. For example, in eucaryotes DNA is synthesized only 
during the S-phase interval. It has also been reported that several enzymes are 
synthesized in certain organisms only in certain short subintervals of the cell 
cycle. Then the product formation rate is proportional to 


Fia -f W(a) da (7.115) 
which for the case analyzed above is given by 
e i: zein 
E eee a 


For any cellular quantity x (say cell mass, protein content, volume, perhaps 
product content) which has a one-to-one correspondence with cell cycle age a 
(that is, a can be written or implicitly defined as function of x), the frequency 
function for a may be transformed to the frequency function for x according to 


dx 


Suppose, for example, that the mass of an individual cell increase linearly with 
time during the cell cycle 


W(x) = W(a(x)) (7.117) 


m(a) = m, + ak (7.118) 


440 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


so that 


da 


dm 


1 
=> 7.119 
k ( ) 


Taking W from Eq. (7.111) and using Eq. (7.119) in Eq. (7.117) gives 


( 


2—0\pu H 
W,,(m) = ( = a k exp | k (m mo) (7.120) 

Again the possible distinction between single-cell and overall population ki- 
netics should be mentioned. Single cells may increase in mass according to Eq. 
(7.118) (this has been reported for several organisms) while the total mass of the 
cell population increases exponentially as in, for example, Eq. (7.37) describing 
balanced batch growth. One of the rewards of segregated kinetic model formula- 
tion and solution is the opportunity of establishing explicit relationships among 
single-cell kinetic and regulation parameters and the parameters which character- 
ize overall population kinetics. 

Presuming that the density of cell material is constant, Eq. (7.120) may also 
be interpreted as a volume distribution which could be measured experimentally 
using a Coulter counter or light-scattering flow cytometry measurements (see 
Chap. 10). More commonly population-average quantities are measured. These 
may be calculated from the corresponding frequency functions using 


00(Or Xmax) 
x= | , xW (x) dx (7.121) 


0 


In other contexts we may usefully view heterogeneity in a cell population 
from different perspectives. Several models of product formation by microbial 
population have been proposed which consider long-term aging effects. The 
product formation model of Ping Shu [32] expresses the specific product forma- 
tion rate by cells that have spent a total time 6 in the reactor by )¥., Aje *?. 
The product concentration at time t in a batch fermentation is then calculated 
from 


p(t) = | M (0, o( | f y Aet io’ dð (1.122) 
0 0 i=1 


where M(0, t) is the frequency function at time t of the concentration of cell mass 
which has been in the reactor for duration 6. Since cell material with age 0 at 
time t is formed at time t — @, it follows that 


M(6, t) =r (t — 8) (7.123) 


This model is quite flexible and can successfully fit many different patterns of 
product accumulation observed during batch fermentation. 
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7.7 THERMAL-DEATH KINETICS OF 
CELLS AND SPORES 


The activity of cells, spores, and viruses in air or liquids can be diminished by 
destruction (heat, radiation, or chemical or mechanical means), removal (filtra- 
tion or centrifugation), or inhibition (refrigeration, dessication, water depletion, 
chemicals). The predominant modes for liquid sterilization are heating (indus- 
trial) and chlorination (municipal use of water), with particulate filtration the 
major tool for air sterilization. The latter two processes depend on mass-transfer 
phenomena discussed in the following chapter; the kinetics of cell and spore 
inactivation is the topic of this section. 

Figure 7.33 illustrates experimental data for vegetative-cell and spore death 
over a range of temperatures. In general. cells have a greater susceptibility for 
destruction than spores, consistent with earlier qualitative remarks concerning 
endospore formation as a survival mechanism of some cells. Similarly, viruses 
such as the bacteriophages are also inactivated by thermal treatment, so that 
thermal sterilization in the fermentation industry decreases both the viable 
microbial population of the liquid-nutrient stream and its virus count, or titer. 

Before we present some useful equations for estimation of the population 
reduction rates in sterilization, a few cautionary remarks are in order. The death 
of a particular cell is probably due to the thermal denaturation of one or more 
kinds of essential proteins such as enzymes. The kinetics of such cooperative 
transitions for these molecules may be rather complex in time. Also, the rate of 
the molecular processes ultimately leading to cell death will depend on environ- 
ment composition, including the solvent concentration itself. For example, the 
temperature needed to achieve coagulation (denaturation followed by massive 
irreversible cross-linking of the denatured protein) of the egg protein albumin 
increases with decreasing water content as shown in Table 7.9. 

These observations and others Suggest that it may be more accurate to con- 
sider the deactivation of the water-deficient structures such as viruses and spores 
as requiring some kind of initial hydration, following which the molecular transi- 
tions such as denaturation may occur: a similar effect of relative humidity 
on the survival rate of active bacteriophage is found [34]. A combination of 
deactivating influences may produce a nonadditive response; e.g., simultaneous 
desiccation and heat treatment may be less effective than supposed from the 
individual efficiencies of the processes. 

A cell population will have a range of cell ages, as discussed previously. 
Further, the nature of the céll wall and the relative importance of various meta- 
bolic pathways to the cell change with cell and culture age. Thus, the resistance 
of a species to thermal (or other) destruction will depend on its history, a vague 
term which is often difficult to make more quantitative. For example, an expo- 
hential-phase population has relatively permeable cell walls, which allow rapid 
exchange of solutes with the external medium. If these solutes affect protein 
Stability, a consequent difference of exponential-phase response may be expected. 
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Figure 7.33 Experimental data for thermal death of E. coli (a) and inactivation of vegetative spores 
of Bacillus subtilis (b) and B. sterothermophilus (c). [ (a) Reprinted from S. Aiba, A. E. Humphrey, and 
N. F. Millis, “Biochemical Engineering,” 2d ed., p. 241, University of Tokyo Press, Tokyo, 1973; 
(b, c) Reprinted from H. Burton and D. Jayne-Williams, “Sterilized Milk,” in J. Hawthorn and J. M. 
Leitch (eds), “Recent Advances in Food Science, vol. 2: Processing,” p. 107, Butterworths & Co., 
Publishers Ltd., London, 1962. ] 


The most reliable data come from measurements on systems approximating 
those of the application as closely as possible. 

To begin analysis of death-rate kinetics, note that the straight lines through 
the data in the semilog plots in Fig. 7.33 are consistent with a first-order decay 
for the viable population level n 


dn 


g = kan (7.124) 


which, for constant k,, yields T 
n(t) = nge *# : (7.125) 
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Table 7.9 Time required for coagulation of 
albumin as a function of water contentt 


Water content, °; Approximate coagulation T. “C 
50 56 
25 76 
15 96 
5 149 
0 165 


t Data from M. Frobisher. Fundamentals of Micro- 
biology, p. 259. W. B. Saunders Company, Philadelphia, 
1968. 


where no is the concentration of spores or vegetative cells at t = 0. The slope 
of the semilog plots is — k4; a plot of In k, vs. reciprocal temperature provides 
another straight line, so that the temperature dependence of k; may be taken as 
that of the familiar Arrhenius form 


ka = kage“ ERT | (7.126) 


The range of E, values for many spores and vegetative cells lies between 50 
and 100 kcal/mol. The historical term known as the decimal reduction factor 
D, = 2.303/k4 is simply the time needed to reduce the viable population by a 
factor of 10. 

These kinetic descriptions work reasonably well provided the concentration 
of the spores or cells is a large number in the statistical sense of the word (Sec. 
7.1). Deviations from such a prediction become more probable as the numbers 
involved diminish since the standard deviation of, for example, the normal distri- 
bution increases as 1/n. In a deterministic model, the fraction of the population 
remaining viable (assuming no current growth under the applied lethal condi- 
tions) is seen from the previous equation to be 


f n 
Viable fraction = — = e~*# (7.127) 
No 
If each organism’s fate is independent of the others in that no reproduction 
occurs, and if the lethal condition is uniformly applied, a stochastic approach to 
sterilization [33] shows that the probability that at any time t the remaining 
population contains N viable organisms is given by 


No! —kat\N —kat\(No— N) 
P(t) = (No — NINI E ) (1 — e ) (7.128) 


with Nọ the initial viable number of organisms in the fluid being sterilized. 
The k, which appears here is the same as the rate constant in Eq. (7.124): in 
the stochastic model k, may be interpreted as the reciprocal of the mean life span 
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of the organism. As the number of organisms falls ‘to a low value, the assump- 
tions of a uniform population characterizable by a single k, value begins to fail. 
For example, the data in Fig. 7.34 for Staphlococcus aureus in neutral phosphate 
buffer show consistent positive deviations from the random-distribution result of 
the above equation, suggesting that a minor fraction of the population is more 
resistant to thermal death than the vast majority. 

While considerable numbers of surviving organisms are acceptable in some 
applications (viable bacterial concentrations in Grade A pasteurized milk must 
be less than 30,000 cells per milliliter), more stringent requirements apply, for 
example, to many pure culture fermentations. In such cases it is important to 
examine the extinction probability, i.e., the probability that all organisms are 
inactivated. Setting N = 0 in Eq. (7.128) gives 


Extinction probability = P(t) = 1 — (1 — e~*)No (7.129) 

from which it follows that the probability of at least one organism’s survival is 
1 — Po(t) = (1 — en kato (7.130) _ 
For the usual situation of Ny > 1, this becomes 


tPs ie i (7.131) 
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where 
N, = Noe ** (7.132) 


We can interpret 1 — Py physically as the fraction of sterilizations which are 
expected to fail to produce a contaminant-free product. 

As we know from our studies of metabolism, living cells often have alternate 
pathways for tapping an energy source or conducting a biosynthesis. The pres- 
ence of redundancy alters the chances for organism survival. A statistical analysis 
shows that the expected value of the population size is 


E[N(t)] = Na(l — {1 — exp [kD]. (7.133) 
where w = number of kinds of essential subcellular structures 
r = number of units of each structure in each organism 


k(t) = mean specific death rate for each kind of structure 


Note that this expression expands into a series of decaying exponentials and is 
not thus expected to be linear over the major fraction of a semilog plot. 

In a similar manner, a cell solution containing m different varieties of cells 
(or spores or viruses) may most simply behave as independent deterministic spe- 
cies, the resulting total viable population being the sum of the individual results 
following Eq. (7.125) with the appropriate individual values of k,;: 


m 


n(t) = ¥ nt) = 3 nige” kat (7.134) 


i=1 i=1 


Again a straight-line semilog plot is not expected. Further, the individual k,; 
values are not routinely available; some methods for estimating the upper 
and lower bounds on the values of n(t)/nọ from initial data are discussed by 
Hutchinson and Luss.t The validity of these estimates depends on the accuracy of 
the initial death data and requires evaluation of the second derivative d?n/dt? 
att = 0. 


7.8 CONCLUDING REMARKS 


As discussed at the outset of this chapter, the ultimate objective of cell kinetics is 
quantitative description of the combined effects of genetic makeup and environ- 
ment on rate processes in the population. At present we have a collection of 
partial models, some considering fine-scale genetic variations, others representing 


' P. Hutchinson and D. Luss, “Lumping of Mixtures with Many First-Order Reactions,” Chem. 
Eng. J., 1: 129, 1970. >. - 
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‘subtle medium-composition effects, and some describing cell-to-cell heterogeneity 
in the culture. Given limitations in current kinetic frameworks, the biochemical 
engineer must carefully identify the intended applications of the kinetic descrip- 
tion, and fashion accordingly the form and depth of the kinetic model. Tremen- 
dous advances in biological science research and in computational capability will 
combine in the future to bring to fruition more reliable, more comprehensive, and 
more mechanistic models for cell kinetics. 

In this chapter we have studied the interrelationships between biomass in- 
crease, substrate uptake, and product formation. From experimental data, the 
general features of growth for cell populations and filamentous organisms were 
discerned. Mathematical models of growth helpful for understanding and design 
of processes utilizing such organisms have been summarized and reviewed. In 
Chap. 9, we shall consider design and analysis of a variety of continuous and 
batch biological reactors. Throughout that discussion we shall rely heavily on the 
rate expressions presented in this chapter. 

Before proceeding to examination of biological reactors, additional kinetic 
phenomena must be studied: transport processes in macroscopic systems. This 
subject deals with the transport of oxygen, chlorine, and other gases into liquids 
for such purposes as aeration and chlorination. Such transport is fundamentally 
coupled to the forms of natural or forced fluid convection which predominate in 
the bioreactor. These in turn lead to considerations of power consumption and 
reactor scale-up under various conditions. Heat-transfer processes are critical in 
sterilization and bioreactor operation. These matters and others are examined in 
the next chapter. 


PROBLEMS 


7.1 Fermentation batch kinetics Grape juice (natural) is a nearly complete nutrient for yeast. Perform 
the following batch fermentation. 

_ (a) Purchase a simple beer- or wine-making kit or make your own. For the wine you need grape 
juice (free of settleable solids for this experiment), sugar, a yeast source, a ]-gal vessel, a small beaker, 
and hose for an airlock. 

(b) Start-up: suspend active yeast in 100 mL of lukewarm (previously boiled) water and stir well 
to disperse cells. Add to fermentor (sterilized with boiling water or sodium sulfite solutions) 1 qt 
grape concentration, 31b sugar, and sterilized water (slightly above room temperature) to three- 
quarters full. Be sure in advance to leave sufficient head space for a small hydrometer (allow 
for hydrometer ‘introduction through fermentor top). Add yeast suspension, cap tightly, and shake 
thoroughly for 30s. Set hydrometer in fermentation liquid. Insert one-hole cork with exit to transfer 
tube and airlock; set water level in latter ~ 1 cm above hose outlet. 

(c) Record fermentation progress in time (1 week) by monitoring (1) CO, bubble rate (constant 
hose depth below airlock) (devise a means of measuring volume per CO, bubble) and (2) hydrometer 
reading (do not lose airseal). 

(d) Plot and discuss data in terms of apparent growth phases and relation between ethanol and 
CO, production (state your assumptions clearly). From knowledge of total sugar added initially 
(grape + crystallized), and of the dry-cell mass weight at the end of-fermentation and your data of 
part (c), demonstrate a carbon mass balance, stating assumptions. N i 

(e) It has been said that taste and smel] are very sensitive measuring devices. Try your product! 
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7.2 Temperature variations of growth Johnson, Eyring, and Polissar (The Kinetic Basis of Molecular 
Bioleuy. John Wiles & Sons. N.Y., 1954) represent growth of E. coli between 18 and 46°C by the 
following equation for the specific growth rate u: . 


AH. 
xTexp| — RT 


(AS AHA 


l re R = RT) 


u= 


where x = 0.36 12e7+°4 
AH, = 15 kcal mol 
AH, = 150 kcal mol 
AS = 476.46 cal (g mol- K) 


{a) Plot this function as In p vs. LT. 

th) Show that this equation can be represented as the product of two functions whose form is 
suggested by the plot in part (a). What explanation(s) rationalizes these two individual functions and 
the value of the above parameters? 

(c) In this interpretation of u = f(T), what implicit assumptions are made with regard to irre- 
versible deactivations? 


7.3 Single- and multiple-substrate kinetics A culture is grown in a simple medium including 0.3% 
wt. vol of glucose; at time t = 0, it is inoculated into a larger sterile volume of the identical medium. 
The optical density (OD) at 420 nm vs. time following inoculation is given below in column 1 of 
Table 7P3.1. The same species cultured in a complex medium is inoculated into a mixture of 
0.15°, wt'vol glucose and 0.15°5 wt/vol lactose; the subsequent OD-vs.-time data are given in column 
2. If OD (420 nm) is linear in cell density with 0.175 equal to 0.1 mg dry weight of cells per milliliter, 
evaluate the maximum specific growth rate u,,,,, the lag time tag and the overall yield factors Y 
(grams of cell per grams of substrate), assuming substrate exhaustion in each case. Explain the shape 
of the growth curves in each case. 


Table 7P3.1' 


OD OD 
Time. h (1) (2) Time, h (1) (2) 
0 0.06 0.06 4.5 0.44? 0.43 
0.5 0.08 0.06 5.0 0.52? 0.48 
1.0 0.11 0.06 5.5 0.52% 0.50 
1.5 0.14 0.07 6.0 0.52 
2.0 0.20 0.10 6.5 0.30? 
2.5 0.26 0.13 7.0 0.42? 
3.0 0.37 0.18 7.5 0.50° 
3.5 0.49 0.26 8.0 0.50? 
40 0.35% 0.32 


"Table adapted from D. Kerridge and K. Tipton 
(eds.). Biochemical Reasoning, prob. 39, W. B. Benjamin, 
Inc.. Menlo Park, Calif., 1972. 

* Sample diluted twofold before OD measurement. 


7.4 Death or deactivation kinetics: chlorination A number of death or deactivation rate equations 
have appeared in the literature; an early result was an exponential decay for anthrax spore deactiva- 
tion by 5% phenol (H. Chick, “Investigation of the Laws of Disinfection,” J. Hyg., 8: 698, 1908). (The ° 
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Table 7P4.1 E. coli survival, %' 
pH 8.5, 2 to 5°C 


Time of contact, min 


Cl, 

mg/L 0.5 2 5 10 20 
0.14 52 11 0.7 

0.07 80 56 30 0.5 0 


0.05 95 85 65 21 0.31 


t Adapted from G. M. Fair, J. C. Geyer, and 
D. A. Okan, Water and Wastewater Engineering, 
pp. 31-39, John Wiley & Sons, Inc., New York, 
1968. 


equation for deactivation: dN/dt = —kN is often referred to as Chick’s law.) Three other forms which 
have been used are 


eae dN 
Logistic: a kN + k'N(Ny —N) 
oe Ye ktN 
: Pe 
aN k 
Retardant: -— = — 
dt 1+ at 


Thus, for these three, the apparent first-order rate constant changes continually with time. 

(a) Integrate each form and sketch the shape of the curve which would be obtained on an 
appropriate plot in each case, indicating how the parameters in each model would be evaluated from 
such a graph. 

(b) Which law, if any, do the data in Table 7P4.1 for E. coli follow? 

(c) The time to fixed percentage kill or inactivation has been correlated by the form 
(concentration)* (time) = const for a given disinfectant. For chlorine (as HOCI), a = 0.86 (E. coli), 3 
(adenovirus), 1 (poliomyelitis virus), 2 (Coxsackie virus A). Why would you (not) expect such varia- 
uon of a? 

7.5 Cell and product kinetics A generalized form of the logistic equation is proposed by Konak (“An 
Equation for Batch Bacterial Growth,” Biotech. Bioeng., 17: 271, 1975) 


1 dN N Al N \è 
Net? dt = 45 No 


where N, = stationary-phase population 
‘a, b, = const 
N = cell mass 


(a) Show that the maximum growth rate occurs at N/N „ = a/(a + b) and that its value is given 

by 
dN kN? Path? 
dh” (a +b’ 


a 


(b) Indicate by sketches and the previous equation(s) how you would evaluate each parameter 
of the model. , 
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(c) Show that by replacing N by P on the left-hand side only and choosing a and b appropri- 
ately. a product-generating equation results which yields growth-associated, nongrowth-associated, or 
growth- and nongrowth-associated behavior analogous to the model of Luedeking and Piret in ‘this 
chapter. 

7.6 Cell networks and product-formation kinetics (a) Summarize why quantification of product for- 
mation kinetics is often more difficult than substrate-consumption or biomass-production kinetics. 

(b) For an antibiotic. vitamin, or amino acid of your choice, research and write a short Paper 
outlining the microbial synthesis steps, identifying, where possible, slow vs. equilibrated transforma- 
tions and the presence of enzyme inhibition-activation and induction-repression. As a final portion, 
propose or discuss (if known) the kinetics of product formation based on the synthesis sequence. 


7.7 Thiele modulus of the cell The Thiele moduli of many cells and their inner organelles (mem- 
brances. mitochondria. ribosomes, etc.) appear to be at or just below unity (P. B. Weisz, * Diffusion 
and Chemical Transformation” Science. 179: 433, 1973). Assuming that the cell may produce enzyme 
levels well above or below this value, comment quantitatively on why this might (not) reasonably be 
expected. For simplicity. assume that only one kind of enzyme exists. Include consideration of the 
rate per volume, the total growth rate. and the cost of enzyme synthesis. Note that the first statement 
implies that cell kinetics measured in absence of external mass-transfer influences (Chap. 4) will 
provide true kinetic data. as has been assumed throughout Chap. 7. 


7.8 Double-inhibition kinetics The growth of Candida utilis on sodium acetate appears to be inhibited 
by the substrate acetate and also pH (J. V. Jackson and V. H. Edwards “Kinetics of Substrate 
Inhibition of Exponential Yeast Growth,” Biotech. Bioeng., 17: 943, 1975). 

(a) With the following assumptions, write down the form for the growth rate in terms of appro- 
priate constants and the hydrogen-ion and total-substrate concentration. 


1, The substrate-inhibition function in terms of total substrate is analogous to that for enzyme- 
substrate noncompetitive inhibition, i.e., that of Andrews, Eq. (7.32). 

2. The maximum growth rate y,,,, is a similar function of hydrogen ion concentration. 

3. The inhibitor in the substrate term is the protonated form; i.e., there is an equilibrium between 
HS (active inhibitor) =S~ (inactive) + H+. 


(b) Show on a Lineweaver-Burk plot for 1/y vs. L/s how the curve(s) would change with pH. 
How would you evaluate the parameters of this model? , 

A number of processes involved in water treatment are similarly affected by pH. An example of 
anaerobic digester kinetics appears in Sec. 14.4.6. 
7.9 Monod kinetics in CSTRs Consider an organism which follows the Monod equation where 
Uma = 0.5h7' and K, = 2 g/L. 

(a) In a continuous perfectly mixed vessel at steady state with no cell death. if So = 50 g/L and 
Y= l(g cells/g substrate). what dilution rate D will give the maximum total rate of cell production? 

(b) For the same value of D using tanks of the same size in series, how many vessels will be 
required to reduce the substrate concentration to 1 g/L? 


7.10 CSTR design with inhibition (a) Construct a plot of x and s vs. D. 


a= HmaxS* 
* K,+s+iK,K;, 


where sy = 10 g/L 


Xo =0 
K,=12/L 
K; = 0.01 g/L 
i= 0.05 g/L 
Hmax = 0.5 h7! 


Yx;s = 0.1 g cells/g substrate 


Plot on the same chart the values of x and s when i = 0. 
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(b) Suppose a CSTR was designed to operate for inhibitor-free conditions. Develop equations 
for the ratios (s/s,) and xD/(xD);, that is, for the ratio of predicted to observed substrate concentra- 
tions and biomass rates. How does the presence of the inhibitor alter reactor behavior with regard to 
(xD) naz and washout? 

(c) Repeat parts (a) and (b) for the case of i increasing with x, taking i = x/10. 

7.11 Yield coefficient When a negative term is included in cellular kinetics in order to model endog- 
enous metabolism or maintenance energy, the resulting equation (assuming excess substrate) can be 
written 


1 1 
~— wx = —— px—k 


where Y’ = growth yield, grams of cell produced per gram of substrate consumed for growth 
k, = grams of substrate consumed for maintenance energy per gram of cell 
Y = apparent yield, grams of substrate consumed per gram of cell 


Refer to Fig. 7P.11.1 for information. 
(a) Show that in a CSTR, x and s are related by 


DY’ 
rape 
(b) What relation must hold between k., Y', and D in this circumstance? 
(c) Does the Fig. 7P.11.1 for A. aerogenes growing on glycerol satisfy this model? Be quantita- 
tive. 
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Figure 7P11.1 Apparent yields vs. reciprocal dilution rate. [From Kirsh and Sykes, Prog. Ind. Micro- 
biol., vol 9, p. 155, 1971, from data of D. W. Tempest, D. Herbert, and P. J. Phipps, in E. O. Powell et 
al. (eds.), “ Microbial Physiology and Continuous Culture,” HMSO, London, 1967. J 


7.12 Metabolic stoichiometry and rates A simplified representation of metabolic pathways involved in 
citric acid production by Candida lipolytica is shown in Fig. 7P12.1. Here, substantial stoichiometric 
detail is retained for key reactions in the TCA and glyoxylate cycles. The quantities v; denote the 
specific rates of carbon flow between metabolite Pools; wear, Wpros and a; values are stoichiometric 
constants: u is specific growth rate; v is the specific rate of glucose uptake; and Q, values denote 
specific product formation rates (S. Aiba and M. Matsuoka, “Identification of Metabolic Model: 
Citrate Production from Glucose by Candida lipolytica,” Biotech. Bioeng., 2: 1373, 1979). 
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(a) Assuming quasi-steady state for all metabolites, establish constraints relating internal rates 
with observable overall rates of glucose consumption, CO, formation. and production of citrate and 
isocitrate. 

(b) Write an overall carbon balance. Is this equation independent of those developed in part (a)? 

(c) In order to evaluate the most important pathways in citrate production, the lokin 
models have been proposed: (I) glyoxylate cycle absent (%7 = 0); (II) TCA cycle blocked (vs = a 
Using the equations developed in Parts (a) and (b) and the experimental data in Table I of Aiba ind 
Matsuoka. calculate the intracellular metabolic fluxes for these two models at D = 0.122 and 0.0769 
i‘. Based on these calculations, which of the two proposed models appears more reasonable? 


im — 
| 
if 
Vi aY 
Glucose 
le v Ar earkh 
Lipid 3 V2 
Carbohydrate 
Vn 


p —> CO, 
R | 
i | a sQp, 
ea) | Cad cn 


| 


NH; 


ete Cae Stoichiometric representation for citrate production (AcCoA = acetyl-CoA: CIT = 

bocce Goo 6-phosphate; GLU = glutamate; ICT = isocitrate; MAL = malate; OAA = 

Pine Pee a tien oi PYR = pyruvate; SUC = succinate. ( Reprinted by permission 

Cae pes A atsuoka, Identification of Metabolic Model ` Citrate Production from Glucose by 
poiytuca, Biotech. Bioeng., vol. 21, p. 1373, 1979. } 
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7.13 Dilution rate for maximum productivity and for washout (a) From Eqs. (7.16) and (7.18), show 
that D(max output)/D(washout) depends only on (s,/K,), and is given by 


(Dmo/Dwo) = (1 + (1 + 5,/K,)> PT? 


(b) Derive ‘the following limiting forms of the relation in (a) above: 
Keo 


| i 1 l s, 
if (s,/K,) <1, Dmo/Dwo = 5 l tK, 


l K, 1 /K, 
if (sf K) > 1, Dmo/Dwo = 1 — = l-3 sy 


(c) Comment on the ease of stable reactor operation and control for the two limiting cases of 
part (b). 

(d) If Yp,y == f(D), derive an expression for f(D) and its derivative, df/dD, which must be true at 
maximum productivity, (DD) ns,- 
7.14 Inhibition kinetics If a microbial species is inhibited by a volatile product (such as ethanol), the 
growth rate can be increased by the removal of the inhibiting product via the continuous evacuation 
of the vapor space above the fermentor. 

(a) For a batch fermentation following Eq. (7.33), show that the time course of substrate level 
for the overall reaction: S > 0.3P + cell mass is 


ds 7 — [xo + Yx(5o9 — 5)] s K, 
dt Yes max K 45 K; + 0.38) — 5) 


where x is biomass (grams per liter) and a constant yield factor Yx, is assumed. 

(b) Integrate this result (by the method of partial fractions, for example) and develop a form for 
the ratio of biomass densities x(t, no inhibitor)/x(t, inhibitor). 

(c) Evaluate the biomass-ratio parameter of part (b) vs. time when x, = 1076 g/mL, Yxs = 0.1g 

cell/g substrate, K, = 0.22 g/L, Hmaı = 0.408 h~', K, = 16 g/L for two substrate levels: sọ = 5.0 g/L 
and sọ = 70 g/L, {molecular weight S = 3 (molecular weight P)]. 
7.15 Lag phase in batch cultivation (a) Data for batch growth of Aerobacter aerogenes in ammonium 
sulfate medium shows that the time spent in lag phase (t,,,) is approximately proportional to inocu- 
lum volume and inversely proportional to inoculum cell density [3]. Dean and Hinshelwood [3] have 
proposed a model for these observations which is based on the hypothesis that the lag period ends 
when some critical substance in the cell reaches a threshold concentration c’. They further suggest 
that, during the lag phase, the concentration c of this critical substance varies with time as 


c=aV+a'not + a"t (1) 


where V = volume of old medium transferred 
a = concentration of critical substance per unit volume of old medium x (old volume/new 


volume) 

No = number of cells per unit new volume (assumed constant since growth rate is negligible in 
lag phase) 

a’ = average increase in cell critical substance (due to production by other cells) per time per 
cell 


a" = increase in critical substance due to internal cell production 
Evaluate 1,,, using this equation and comment on the relationship between the result and the experi- 
mentally observed trends. Comment on the assumptions required to obtain Eq. (1). 

(b) The state of the inoculum population is known to influence the duration of the lag phase. 
Suppose that the ‘inoculum contains ny viable cells and n, dead cells and that the viable cells grow 
with constant specific growth rate u immediately following inoculation. Evaluate Happ» the measured, 
apparent specific growth rate based on the total cell density, as a fuiiction of time. Using this result, 
comment on the effects of inoculum viability and inoculum size on apparent lag time. 
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7.16 Microbial population growth A new microorganism has been discovered which at each cell divi- 
sion yields three daughters. From the growth rate data given below calculate the mean time between 
successive cell divisions. 


ih dry wt, g/L 
0. 0.10 
0.5 0.15 
1.0 0.23 
1.5 0.34 
2.0 0.51 


7.17 Biotransformation kinetics A monolayer of cells adhering to a solid surface is catalyzing trans- 
formation of substrate S to product P while growing to a negligible extent. Suppose that the rate of 
substrate utilization per unit surface is described by 


Umax’ S 


sts 


p= 


Px 


where, because P inhibits the reaction, 
K, = Ko(l + p/K)). p 


in the above equations, s and p denote concentrations of S and P, respectively, at the surface. 

S and P concentrations in the bulk fluid far from the surface are sọ and po, respectively. Mass 
transfer coefficients for S and P are h, and h,, respectively. 

If every mole of S converted produces Yp moles of product P, evaluate the rate of P formation 
per unit surface in terms of the observable bulk concentrations sọ and Po- 
7.18 Product formation and maintenance models It has been argued extensively that the Luedeking- 
Piret model relating growth and product formation [Eq. (7.93)] 


Try = aux + Bx 
and the maintenance energy model set forth by Pirt (Proc. Royal Soc., Series B, 163: 224-231, 1965) 


1 l m 

-= — + 

Y Y uu 
where Y = the observed cell yield based on substrate 


Y' = the theoretical, or maintenance-free, growth yield coefficient 
m = maintenance coefficient (gm substrate/gm cell-h) 


are equivalent. Do you agree? Substantiate your answer. 
7.1% Williams’ structured model of growth Let us follow Williams’ idea and divide the biomass into 
two parts: Part 1 is composed of intermediates, enzymes, and other entities involved in the formation 
of materials used for synthesis of structural and genetic material; it is Williams’ synthetic part of the 
biomass. Part 2 is the structural and genetic part of the biomass. Suppose that biomass of part 1 is a 
fraction f, of the total biomass and biomass of part 2 is a fraction f} of the total biomass; these two 
iractions sum to unity. 

Let the model equations written in intrinsic form be 


df, o k, sf, kohihs S 
dt K, +s K, +f 


dh kihh 
dt K, +f, 


uf; 


Bf -- - 
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ky sf, kifih 
K, T ET 


where u= @ 


a = amount of synthetic biomass formed upon consumption of one unit of mass of the rate- 
limiting substrate tg 

p = amount of structural/genetic biomass formed upon consumption of one unit mass of 
synthetic biomass. 

(a) Consider balanced growth for which f, = fy = 0; this will be achieved if s can be maintained 
constant for a sufficient length of time. How does u depend on s in balanced growth? 

(b) If K, > 1 and k,>2k,K,, show that Monod’s model will be approximately valid for 
balanced growth. What are the approximate values of f, and f, in this case? 

(c) Let x, = cf, and x, =cf,, where c= x, + x,. Write the differential equations for x,, x2, 
and s for a chemostat situation. Also write the differential equation for n, the population density; 
assume that y, the amount of structural/genetic material per cell, is a constant. 

(d) For a batch growth situation, construct plots of 

log c vs. t 


log n vs. t 


and m = c/n (mean cell size) vs. t 
for two different initial values of f,: f, = 0.40 and f, = 0.05. In both cases, take 
Co = 2 x 107? g/L and 
So = 5.0 g/L 
Use the following set of constants: 
a = f = 0.50 


k,=60h7!  k,=30h"! 
K,=0.2g/L  K,=0.25 
mass per cell = 1.1 x 107+? g/cell 


(e) Use the model parameters in (d) to construct a graph showing the variation of u with s for a 
balanced growth situation. Plot on the same graph the variation of u with s predicted by Monod’s 
model. Choose the Monod model constants y,, and K, such that 
(i) the asymptotic value of u at large values of s and 
(ii) the derivative of u with respect to s at s = 0 are the same for the Monod model as for the general 

model. 

(f) For a steady chemostat with s, = 5.0 g/L, construct a graph showing the variation with 
dilution rate of c, s, and m. 

(g) How would c,, s, and m respond to a chemostat “shift-up” from, D = 0.1 h`! to D= 
0.3 h~ +? How would they respond to a “shift-down” from D = 0.37! to D = 0.1 h`}? Assume steady 
state, balanced growth just before the shift. 

(h) Discuss the results in terms of comparisons with trends actually observed with bacteria. 
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7, 1981. The previous chapters have considered progressively larger scales of distance: 

mbinant from molecular through cellular to fluid volumes containing millions or billions 

of cells per milliliter. As the sources and sinks of entities such as nutrients, cells, 

Raia and metabolic products become further separated in space, the probability in- 

eee creases that some physical-transport phenomena, rather than a chemical rate, 
will influence or even dominate the overall rate of solute processing in the reac- 
tion volume under consideration. Indeed, according to the argument of Weisz 

1979. [1], cells and their component catalytic assemblies operate at Thiele moduli near 

‘rocaryote unity; they are operating at the maximum possible rate without any serious 
diffusional limitation. If, in bioprocess circumstances, a richer supply of carbon 

s in Well- nutrients is created, evidently the aerobic cell will be able to utilize them fully 

o only if oxygen can also be maintained at a higher concentration in the direct 

Ta vicinity of the cell. This situation may call for increased gas-liquid mass transfer 
of oxygen, which has sparingly small solubility in aqueous solutions, to the 
culture. 

ent” in N. Evidently, the boundary demarcating aerobic from anaerobic activity de- 

Press, Inc. pends upon the local bulk- -oxygen concentration, the O, diffusion coefficient, and 
the local respiration rates in the aerobic region. This line divides the viable from 

Saa @ dying cells in strict aerobes such as mold in mycelial pellets or tissue cells in 

! cancer tumors; it determines the depth of-aerobic activity near lake surfaces; and 
it divides the cohabitating aerobes from anaerobic microbial communities in soil 
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particles. Thus, while the modern roots of biological-process oxygen mass 
transfer began with World War II penicillin production in the 1940s, its implica- 
tions are now established to include many natural processes such as food spoil- 
age via undesired oxidation and lake eutrophication due either to inadequate 
system aeration by natural oxygen supplies or to an excessive concentration of 
material such as phosphate or nitrate. 

Other sparingly soluble gases are also of fermentation interest. Methane and 
other light hydrocarbons have been explored as gaseous substrates for single cell 
protein production; in this demanding conversion, both oxygen and methane 
must be dissolving continuously at rates sufficient to meet the biological demand. 
Methane transfer out of solution is important in anaerobic waste treatment, at 
the metabolic end of which light carboxylic acids (primarily acetic acid) are 
decarboxylated to give the corresponding alkanes. 

Carbon dioxide is generated in nearly all microbial activity. In spite of its 
large solubility, the interconversion between gaseous and the various forms of 
dissolved carbon dioxide (CO,, H,CO,, HCO;, CO2~) couples its mass transfer 
rate to the pH variation; this topic figures importantly in controlling the pH of 
acid-sensitive anaerobic digestors (Chapter 14) where CO, and CH, removal 
occur simultaneously. 

Liquid-liquid mass transfer is important in SCP arduin from liquid 
hydrocarbon feedstocks, as well as in fermentation recovery operations; e.g., 
filtered or whole broth extraction of pharmaceuticals (Chapter 11) employing 
organic solvents. 

Renewable resource bioconversions, such as the use of cellulosic, hemicellu- 
losic, and lignin fractions of agricultural and forest wastes as fermentation feed- 
stocks, typically involve rate processes (biomass solubilization, liquefaction, 
hydrolysis) limited by available particulate substrate surface areas and solute 
diffusion rates. Other topics also involving liquid-solid mass transfer include 
various sorption and chromatographic methods for product recovery and purifi- 
cation, and liquid phase oxygen transfer to mold pellets or beads and biofilms 
containing immobilized cells. 

Operation at high cell densities may often result in mass-transfer limited 
conditions, as observed in reactors as diverse as laboratory shake flasks or large 
scale fermentors for penicillin or extracellular biopolymers (xanthan gum) or 
activated sludge waste plants. The process engineer must, accordingly, know 
when transport phenomena or biological kinetics are rate-limiting in order 
properly to design bioreactors. . 

Strong coupling often occurs between solute diffusion and momentum trans- 
port or chemical reactions or (even more complex) both. The case of diffusion 
and reaction interaction has been considered in Chap. 4. In such circumstances, 
the Thiele modulus and a saturation parameter K,/sy provide the unifying 
parameters needed to completely describe cell and enzyme performance; i.e., ef- 
fectiveness factor, for such systems. Unfortunately, the variety of circumstances 
under which mass transfer couples with momentum. tfansfer, i.e., fluid mechanics, 
is enormous; indeed, it is the substance of a major fraction of the chemical 
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engineering literature. For this text, we content ourselves with fundamental con- 
cepts and tabulated formulas for calculation or estimation of the i 
mass-transfer coefficients for solutes. AAS 
A final brief section of this chapter concerns instances where heat transfer 
may provide an important transport effect which strongly influences the bio- 
process system's behavior through spatial temperature inhomogeneity. Exam 
ples here include relatively exothermic fermentation processes, such as AE EN 
filter operation for wine-vinegar production or wastewater treatment, and that 


gardener s delight, the compost heap (municipal dump, etc.) and other solid-state 
fermentations. 


8.1 GAS-LIQUID MASS TRANSFER IN 
CELLULAR SYSTEMS 


The general nature of the mass-transfer problem of primary concern in this 
chapter Is shown schematically in Fig. 8.1. A sparingly soluble gas, usually 
oxygen, is transferred from a source, say a rising air bubble, into a liquid phase 
containing cells. (Any other sparingly soluble substrate, e.g., the liquid hydro- 
carbons used in hydrocarbon fermentations, will give the same general picture.) 
The oxygen must pass through a series of transport resistances, the relative ae 
nitudes of which depend on bubble (droplet) hydrodynamics temperature cellu- 
ee and density, solution composition, interfacial phenomena, and other 
factors. 


Tt arise from different combinations of the following resistances (Fig. 


l. Diffusion from bulk gas to the gas-liquid interface 

2. Movement through the gas-liquid interface 

3. Diffusion of the solute through the relatively unmixed liquid region adjacent 
to the bubble into the well-mixed bulk liquid 

; Transport of the solute through the bulk liquid to a second relatively 
a liquid region surrounding the cells 

i a through the second unmixed liquid region associated with the cells 

; x usive transport into the cellular floc, mycelia, or soil particle 

- Transport across cell envelope and to intracellular reaction site 


~I O aR 


m ir appear in Fig. 8.1. When the organisms take the form 

B y A sixth resistance disappears. Microbial cells themselves have 

ina i o ‘ ae at interfaces. Thus, cells may preferentially gather at the 

paces aa = ubble-liquid interface. Then, the diffusing solute oxygen 

ne he cate oe One unmixed liquid region and no bulk liquid before reach- 

ce te s Situation, the bulk dissolved O, concentration does not repre- 
ygen supply for the respiring micrebes. 
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Figure 8.1 Schematic diagram of steps involved in transport of oxygen from a gas bubble to inside a 
cell. 


Similarly, in the microbial utilization of other sparingly soluble substrates 
such as hydrocarbon droplets, cell adsorption on or near the hydrocarbon-emul- 
sion interface has been frequently observed. A reactor model for this situation is 
considered in Chap. 9. 

The variety of macroscopic physical configurations by which gas-liquid con- 
tacting can be effected is indicated in Fig. 8.2. In general, we can distinguish fluid 
motions induced by freely rising or falling bubbles or particles from fluid motions 
which occur as the result of applied forces other than the external gravity field 
(forced convection). The distinction is not clear-cut; gas-liquid mixing in a slowly 
stirred semibatch.system may have equal contributions from naturally convected 
bubbles and from mechanical stirring. The central importance of hydrodynamics 
requires us to examine the interplay between fluid motions and mass transfer. 
Before beginning this survey, some comments and definitions regarding mass 
transfer are in order. 


8.1.1 Basic Mass-Transfer Concepts 


The solubility of oxygen in aqueous solutions under | atm of air and near 
ambient temperature is of the order of 10 parts per million (ppm) (Table 8.1). An 
actively respiring yeast population may have an oxygen consumption rate of the 
order 0.3 g of oxygen per hour per gram of dry cell mass. The peak oxygen 
consumption for a population density of 10° cells per milliliter is estimated by 
assuming the cells to have volumes of 10~'° mL, of which 80 percent is water. 
The absolute oxygen demand becomes 


0.3 g O, 10° cells G0- mL) 1 g cell ba 02 g dry cell mass \ 
g dry mass-h mL cm? , g cell mass 


= 6 x 1073 g(mL-h) = 6 ONL. 
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Figure 8.2 Gas-liquid contacting modes: (a) freely rising, falling particles, fluids. 
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Figure 8.2 (continued) (b) mechanically agitated. 


Thus, the actively respiring population consumes oxygen at a rate which is of the 
order of 750 times the O, saturation value per hour. Since the inventory of 
dissolved gas is relatively small, it must be continuously added to the liquid in 
order to maintain a viable cell population. This is not a trivial task since the low 
oxygen solubility guarantees that the concentration difference which drives the 
transfer of oxygen from one zone to another is always very small. 

For sparingly soluble species such as oxygen or-hydrocarbons in water. the 
two equilibrated interfacial concentrations c,; and c; on the gas and liquid sides, 
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Table 8.1 Solubility of O, at 1 atm in water at various tem- 
peratures and solutions of salt or acid at 25°C* 


Temp. Water, Temp. Water. 

€ O, mmol L C O, mmol L 
0 2.18 25 1.26 

10 1.70 30 1.16 

is 1.54 35 1.09 

20 1.38 40 1.03 


Aqueous solutions at 25 C 


O,. mmol/L 
Electrolyte 
conc. M HC] H,SO, NaCl 
0.0 1.26 1.26 1.26 
0.5 1.21 1.21 1.07 
1.0 1.16 1.12 0.89 
2.0 1.12 1.02 0.71 


"Data from International Critical Tables, vol. IH, p. 271, McGraw- 
Hill Book Company. New York, 1928, and F. Todt. Electrochemische 
Sauerstoffmessungen, W. de Guy and Co., Berlin, 1958. 


respectively, may typically be related through a linear partition-law relationship 
such as Henry’s law 


(8.1) 


provided that the solute exchange rate across the interface is much larger than 
the net transfer rate, as is typically the case: at latm of air and 25°C, the O, 
collision rate at the surface is of the order of 102+ molecules per square centi- 
meter per second, a value greatly in excess of the net flux for typical microbial 
consumption requirements cited above. 

At steady state, the oxygen transfer rate to the gas-liquid interface equals its 
transfer rate through the liquid-side film (Fig. 8.1). Taking c, and c, to be the 
Oxygen concentrations in the bulk gas and bulk liquid respectively, we can write 
the two equal transfer rates 


Oxygen flux = mol O,/(cm? - s) 


= k,(c, — Cgi) gas side (8.2) 
= kcu — ¢) liquid side 
[Ee 


Since the interfacial concentrations are usually not accessible in mass- 
transfer measurements, resort is made to mass-transfer expressions in terms of 
the overall mass-transfer coefficient K, and thé overall concentration driving 


a 
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force cf — c,, where cf is the liquid-phase concentration which is in equilibrium 
with the bulk gas phase 


Mc =c, (8.3) 
bee] ; 


In terms of these overall quantities, the solute flux is given by 7 


Flux = Kct — ¢) (8.4) 
Utilization of Eqs. (8.1), (8.2), (8.3), and (8.4) results in the following well- 


known relationship between the overall mass-transfer coefficient K, and the phys- 
ical parameters of the two-film transport problem, k,, kı, and M: 


1 1 1 


(8.5) 


For sparingly soluble species, M_is much larger than unity. Further, k, is typi- 
cally considerably larger than k,. Under these circumstances we see from Eq. (8.5) 


that K, is approximately equal to k,. Thus, essentially all the resistance to mass 
transfer lies on the liquid-film side. 
The oxygen-transfer rate per unit of reactor volume Qo, is given by 


(flux)(interfacial area) 


= oxygen absorption rate = T 
Qo; y8 P reactor liquid volume 


A 
=k- eS (8.6) 


= k,a'(cf — c) 


where a’ = A/V is the gas-liquid interfacial area per unit liquid volume and the 
approximation K, ~ k, just discussed has been invoked. Since our major empha- 
sis in this chapter 1s aeration, we shall concentrate on oxygen transfer and hence- 
forth use k, in place of K, as the appropriate mass-transfer coefficient. The sym- 
bol a, which appears in several correlations, is the gas-liquid interfacial area per 
unit volume of bioreactor (gas + liquid) contents. Head space gas is not included. 

It is important to recognize that Qo, is defined “at a point.” It is a local 
volumetric rate of O, consumption; the average volumetric rate of oxygen utili- 
zation (moles per time per volume) Qo, in an entire liquid volume V is given by 


= iu 
Qo, = y i Qo, dV (8.7) 


In general, Qo, is equal to Qo, only if hydrodynamic conditions, interfacial area/ 
volume, and oxygen concentrations are uniform throughout the vessel. 

For example, a complete description of the phenomena underlying the 
observed average transfer rate in a bioreactor depends on power input per unit 
volume, fluid and dispersion rheology, sparger characterization, and gross flow 
patterns in the vessel. Figure 8.3 indicates the relationship between observed 
average transfer rate and the causative phenomena. Since we generally lack 
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Figure 8.3 Relationships between input agitation intensity and resultant gas transfer rate. (After W. 


Resnick and B. Gal-Or, Adv. Chem. Eng., vol. 7, p. 295 (1968). Reprinted by permission of Academic 
Press. j 


crucial fundamental information on coalescence and redispersion rates, bubble 
size and residence time distribution, we are typically forced to develop correla- 
tions based on appropriate averages of bubble size, holdup (gas volume fraction), 
gas bubble and liquid residence times, etc. 

In Table 8.1 we saw that cf is determined by the temperature and composi- 
tion of the medium. Composition influences become more complicated when the 
dissolved gas can undergo liquid-phase reaction. This is the case for carbon 


dioxide, which may exist in the liquid phase in any of four forms: CO,, H,CO,, 
HCO; , and CO3~. The equilibrium relations 


[H*IHCO;] o, 
= = 10 M 8.8 
! = [CO] + [H,CO;] S 
O EHEC] aas 
Ka = ico CO=] AQ 10.25 M (8.9) 
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log concentration, molar 


Figure 8.4 Equilibrium concentrations of dissolved CO,, HCO;, CO; and H,CO3. cz is total con- 
centration of all four forms of CO3. [Pco, = 107>5 atm (ambient concentration); pH adjusted with 
strong acid or strong base.] (After W. Stumm and J. J. Morgan, “ Aquatic Chemistry,” John Wiley and 
Sons, N.Y. p. 127, 1970.) 


(values at 25°C) indicate that the total dissolved carbon concentration, Cr, as 
carbon dioxide is quite pH sensitive: 


cr = [CO,] + [H,CO3] + [HCO3] + [C057] 


_ ed i j a P val (8.10) 
[H] [H*] 

This relation appears in Fig. 8.4, showing that below pH 5, nearly all carbon is 
dissolved molecular CO,, while bicarbonate dominates when 7 < pH <9 and 
carbonate for pH > 11. Only the dissolved CO, molecule is transported across 
the gas-liquid interface, and we may again write Eq. (8.2) for the interfacial 
transfer rate. 

The coupling of reaction and mass transfer may occur under neutral to basic 
conditions. While the reversible reaction (8.11) is rapid, 


HCO; HCO; + H* (8.11) 
. H 4 HCO z ee : 
K (T= 28°C) = Et Os) 35 x 1074 mol/L (8.12) 
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the important reaction 


. i . 

HCO, = OFO (8.13) 
is far slower, with k, = 20s~* and k_, = 0.03s~? (25°C). Thus, depending on 
circumstances, the slow step in CO, removal to the gas phase could be chemical 
[Eq. (8.13)] or physical [CO, (dissolved) + CO, (gas)]. 


8.1.2 Rates of Metabolic Oxygen Utilization 


In design of aerobic biological reactors we frequently use correlations of data 
more or less approximating the situation of interest to establish whether the 
slowest process step is the oxygen transfer rate or the rate of cellular utilization 
of oxygen (or other limiting substrate). The maximum possible mass-transfer rate 
is simply that found by setting c, = 0: all oxygen entering the bulk solution is 
assumed to be rapidly consumed. The maximum possible oxygen utilization rate 
is seen from Chap. 7 to be xtmax/Yo,, Where x is cell density and Yo, is the ratio 
of moles of cell carbon formed Per mole of oxygen consumed. 

Evidently, if k,a’c¥ is much larger than XLmax/ Yo,» the main resistance to 
increased oxygen consumption is microbial metabolism and the reaction appears 
to be biochemically limited. Conversely, the reverse inequality apparently leads 
to c near zero, and the reactor seems to be in the mass-transfer-limited mode. 

The situation is actually slightly more complicated. At steady state, the 
oxygen absorption and consumption rates must balance: 


Qo, = absorption = consumption 


k,a'(ct — c) = 24 | (8.14) 


Assuming that the dependence of u on c, is known, we can use Eq. (8.14) to 
evaluate c, and hence the rate of oxygen utilization. 

In general, above some critical bulk oxygen concentration, the cell metabolic 
machinery is saturated with oxygen. In this case, sufficient oxygen is available to 
accept immediately all electron pairs which pass through the respiratory chain, 
so that some other biochemical process within the cell is rate-limiting (Chap. 5). 
For example, if the oxygen dependence of the specific growth rate u follows the 
Monod form, then 


Ci 


— 8.15 
Ko, +c ( ) 


Yo, k,a'(cf rs cı) = XHUmax 


A general solution to an equation of this form was given in Sec. 4.4.1., but here 
for the sake of illustration we assume that the value of c, is considerably less than 
cf. This is not an uncommon situation in biological reactors. Subject to the 
assumption that c, < c¥, c, is easily seen to be 


cı = of Yo, 02*147/Xbmax | (8.16) 


1 — Yo, Chk, a'/XU max 


err 


468 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


Table 8.2 Typical values of co, ,, in the pres- 
ence of substrate‘ 


Coz, crs 

Organism Temp, °C mmol/L 
Azotobacter vinelandii 30 0.018-0.049 
E. coli 37.8 0.0082 

15 0.0031 
Serratia marcescens 31 ~0.015 
Pseudomonas denitrificans 30 ~0.009 
Yeast 34.8 0.0046 

20 0.0037 
Penicillium chrysogenum 24 ~0.022 

30 ~ 0.009 
Aspergillus oryzae 30 ~ 0.020 


t Summarized by R. K. Finn, p. 81 in N. Blake- 
brough (ed.), Biochemical and Biological Engineering 
Science, vol. 1, Academic Press, Inc., New York, 1967. 


If the resulting value of c, is greater than the critical oxygen value cer (about 
3Ko,), the rate of microbial oxygen utilization is limited by some other factor, 
e.g., low concentration of another substrate, even though the bulk solution has a 
dissolved oxygen level considerably below the saturation value. The critical 
oxygen values for organisms lie in the range of 0.003 to 0.05 mmol/L (Table 8.2) 
or of the order of 0.1 to 10 percent of the solubility values in Table 8.1, that is, 0.5 
to 50 percent of the air saturation values. For the higher critical oxygen values 
such as obtained for Penicillium molds, oxygen mass transfer is evidently ex- 
tremely important. 

Many factors can influence the total microbial oxygen demand xp/Yo,, which 
in turn sets the minimum values of k,a’ needed for process design through Eq. 
(8.14). The more important of these are cell species, culture growth phase, carbon 
` nutrients, pH, and the nature of the desired microbial process, i.e., substrate 
utilization, biomass production, or product yield (Chap. 7). 

In the batch-system results of Fig. 8.5, a maximum in specific O, demand 
occurs in the early exponential phase although x is larger at a later time. A peak 
in the product xp, and thus the total oxygen demand, occurs near the end of the 
exponential phase and the approach to the stationary phase; this is later than the 
time of achievement of the largest specific growth rate. 

The carbon nutrient affects oxygen demand in a major way. For example, 
glucose is generally metabolized more rapidly than other carbohydrate sub- 
stances. Peak oxygen demands of 4.9, 6.7, and 13.4mol/(L-h) have been 
observed for Penicillium mold utilizing lactose, sucrose, and glucose, respectively 
[2]. i 

The component parts of oxygen utilization by the cell- include cell mainten- 
ance, respiratory oxidation for further growth (more biosynthesis), and oxida- 
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Figure 8.5 Oxygen utilization rate in batch culture of Myrothecium verrucaria [Reprinted from R. T. 
Darby and D. R. Goddard, Am. J. Bot., val. 37, p. 379 (1950).] ~ 


tion of substrates into related metabolic end products. In examining metabolic 
stoichiometry in Chap. 5, we have seen that oxygen utilization for growth is 
typically coupled directly to the amount of carbon-source substrate consumed. 
Furthermore, more reduced substrates such as paraffins and methane require 
greater oxygen uptake by the cell than substrates such as glucose which have 
approximately the same carbon oxidation state as the cell. For example, the yield 
factors Yoc giving moles oxygen used per mole of carbon source metabolized 
are 1.34, 1.0, and 0.4 for typical microorganisms growing on methane, paraffins, 
and carbohydrates, respectively. 

Oxygen may also be consumed as a reactant in a biotransformation. For 
example, 5-ketogluconic acid production from glucose by batch cultivation of 
Acetobacter begins with a growth phase in which some medium glucose is con- 
verted to gluconic acid. Here O, use for both growth and product formation 


occurs. After glucose exhaustion, growth ceases, and gluconic acid is converted to 
5-ketogluconic acid with stoichiometry 


Cs5H, 20, + 30, > CgH,.0, + H,O (8.17) 


In the final phase of the process which involves only this biotransformation, 


oxygen demand is directly coupled to product formation through the stoichi- 
ometry of Eq. (8.17). 
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8.2 DETERMINATION OF OXYGEN TRANSFER RATES 


Ideally, oxygen transfer rates should be measured in biological reactors which 
include the nutrient broth and cell population(s) of interest. As this requires all 
the accoutrements for inoculum and medium preparation, prevention of con- 
tamination, and environmental control for the cell culture, it is an inconvenient 
and troublesome way to conduct mass-transfer experiments. Consequently, a 
common strategy for study of oxygen transfer rates is to use synthetic systems 
which approximate bioreaction conditions without the complications of a living 
culture. In such approaches, the major objective is to elucidate the dependence of 
k,a' on hydrodynamics. ~ 
In order for such synthetic media to represent the cellular broth of interest 
reliably, the following properties of the synthetic media and actual broth should 


be identical: 


1. Solution viscosity and other rheological characteristics (see Sec. 8.8). 
2. Gas-liquid interfacial resistance. 

3. Bubble coalescense tendencies 

4. Oxygen solubility and diffusivity. 


In general, the usefulness of a synthetic (cell-free) situation for approximating 
a bioreaction situation depends on the degree to which these conditions are met. 
Experiments with oxygen absorption into pure water, for example, satisfy few 
of these criteria. We shall examine the quantitative influence of fluid viscosity, 
surface-active agents, and nature of mixing shortly. 


8.2.1 Measurement of k,a’ Using Gas-Liquid Reactions 
Considering now the transport paths in Fig. 8.1, we see that if oxygen is con- 


sumed hy chemical reaction in the bulk liquid at a sufficiently large rate we will 


find c= 0, Then the bulk-phase chemical-reaction rate is equal to kya'cp, from 
which the k,a’ value readily follows. A common bulk-phase oxygen sink in many 
previous mass-transfer studies is the oxidation of sodium sulfite to sulfate in the 
presence of catalytic metal ions such as Co?*: 


catalyst 


SO- + 40, SO2- (8.18) 

The kinetics of the rate of oxidation of sulfite solutions to sulfate is complex. 
The reaction orders for oxygen and sulfite depend on the catalyst used and its 
concentration, apparently implying a nontrivial series of elementary steps leading 
to the overall result above. Regardless of the reaction order, the condition suffi- 
cient to ensure that the chemical reaction occurs to,a negligible extent in the 
liquid film adhering to each bubble (and thus represents the situations in Fig. 8.1) 
is a negligible total reaction rate in the film compared with the mass-transfer rate 
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k(c* —c). If ¢ denotes the mass-transfer film thickness. this criterion can be 
restated mathematically as 


č x rate < k(c* — c) l (8.19) 


film 


The rate in the film will be less than that corresponding to bulk sulfite and 
saturation oxygen levels, i.e., rate (c*, sulfite,,,,), and so in terms of these measut- 
able or calculable quantities (c*, sulfite,,,,) a conservative criterion for negligible 
film reaction is 


¢ x rate(c*, sulfite.) < k(c* — c) (8.20) 
The “thickness” of the mass-transfer film is given by 
Po 
aa 8.21 
SS (8.21) 


Assuming the reaction to be of order x, in oxygen and x in sulfite leads to the 
inequality 
Lo, [k,(c*)*'sulfite??] 
kı 


<k(c* — c) (8.22 
Thus 


(8.23) 


bs E | 
c*¥ —¢ 
An illustrative example of Danckwerts’ considers an experiment using 107° M 
cobalt catalyst (known to give x, = 2) and sufficient sulfite (say 0.5 M) for x, to 
be 0. For c < c*, the above inequality becomes 


ki > [Po,k,c*]'” (8.24) 


Taking Zo, = 1.6 x 10°-*cm*/s, k, for cobalt catalyst = 0.85 x 10® cm?! 


r 


(g mol - s), c* = 1.35 x 1077 g mol/cm? gives 
k, > 0.01 cm/s 


A less effective catalyst (smaller k,) would reduce the right-hand side. 

Reference to the correlations to be presented later in this section indicates 
that for large bubbles in water, k, ~ 0.04cm/s, and for small bubbles ki~ 
0.01 cm/s. Thus this inequality places a minimum size on the bubbles which may 
be used for such an interpretation. Smaller bubbles rising more slowly will have 
an appreciable reaction rate in the adhering fluid film under these specific condi- 
tions. Similarly, larger bubbles in media more viscous than water will exhibit 
reduced mass-transfer coefficients. However, an enhancement factor E to account 
for film reaction can be calculated provided the reaction-rate constant and reac- 
tion order are known [3-5]. a 
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A closing series of caveats for sulfite oxidation is illuminating: the rate con- 
stant k, depends on (1) the catalyst and its concentration, (2) the ionic strength of 
the solution, (3) the presence of catalytic impurities, and (4) the solution pH; for 
example, in 1075 M cobalt, k, increases by a factor of 10 between pH 7.50 and 
8.50 at 20°C. (The overall reaction generates H*, so that base must be added to 
maintain pH constant). 

In spite of these difficulties, the literature contains examples of reactors 
where k,a’ determined from sulfite measurements for a given sparger, stirring 
rate, etc., correlate closely with the k,a’ values observed in an actual fermentation 
(counterexamples are also evident). Assuming that the configuration in Fig. 8.1 
represents the bioreaction of interest, there is essentially no O, consumption in 
the bubble liquid-side film. Thus, any chemical measure of O, absorption at- 
tempting to simulate such cell broths must, inter alia, satisfy the fundamental 
inequality (8.19) above. On the other hand, if growing cells are concentrated in 
the bubble liquid-side film, a different model chemical reaction situation may be 
required. 

We can measure oxygen transfer rates in several other ways. If the experi- 
mental system is strictly a batch operation, with no addition or removal of 
liquid or gas, Qo, is revealed by monitoring the gas volume or pressure changes 
with time. Also, as discussed in the next section, measurement of c, aids in ka 
estimation. 

When gas is continuously added to and removed from the liquid, we use the 
following O, mass balance on the gas phase to determine Q,,: 


Oo, = LF ne Coa = Foes Poz)exu]/ VRT (8.25) 


Here F, is the volumetric gas flow rate and Po, 1s the partial pressure of O,. 
[What assumptions are necessary to justify Eq. (8.25)? Are they generally valid 
for bioreaction processes?] 

We would like to use these Qo, values to determine k,a', but, as Eqs. (8.6) 
and (8.7) and the associated discussion reveal, this requires uniformity of condi- 
tions within the vessel, so that the local and average oxygen utilization rates are 
identical. Consequently, stirred vessels [Fig. 8.2b(2)] are frequently employed in 
laboratory mass-transfer studies for biological-reactor design. 

When the problem of spatial uniformity has been resolved, k,a’ can be 
extracted from Eq. (8.6) if c* and c, are known. The first of these is available from 
solubility data such as Table 8.1, and direct measurement of c, is now feasible 
(even in pure microbial cultures) with the polarographic sterilizable oxygen elec- 
trode. The operating principles of this electrode, which produces a current pro- 
portional to local dissolved oxygen partial pressure, are described in Chap. 10. 
An additional method for k,a’ estimation based on dynamic measurements with 
an oxygen electrode is also described in Chap. 10. l 

In many reactor configurations or processes of natural origin, the local oxy- 
gen transfer rate varies with position. If such variations occur in the vessel in 
which mass-transfer rates are measured, the observed--vessel-averaged value of 
k,a’ cannot properly be used effectively in scale-up, the process of transferring 
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laboratory scale results into large capacity units. Design methods for such scale- 
up are considered later in this chapter. Variations of dissolved O, within a 
“homogeneous” phase (bulk fluid. mold pellet, microbial films, etc.) have been 
examined with miniaturized oxygen probes, the sensing head being of the order 
of 10 micrometers in diameter. Applications of this instrument include study of 


local oxygen profiles in mold pellets and the determination of diffusion coeffi- 
cients in microbial aggregates. 


8.3 MASS TRANSFER FOR FREELY RISING 
OR FALLING BODIES 


The rate of material exchange between different regions is governed by the equa- 
tions of change which describe conservation of mass, conservation of species 
(such as oxygen), and the momentum balance. When the e 
rendered dimensionless in distance, velocity, 
where the density difference between the two contacting phases provides the 
major driving force for fluid motion, three dimensionless parameters appear in 


the final expressions. These are the Grashof, Sherwood, and Schmidt numbers, 
which, for mass transfer, are defined by 


quations of change are 
and concentrations for situations 


D*p(p,— p,)~ 

Grashof number = Gr = 2 PAPI = Po) j (8.26a) 

Hi 
k 
Sherwood number = =a (8.26b) 

Fe. 

Schmidt number = Sc = —!— (8.26c) 
Pi Lo, 


where D is a characteristic dimension and H 1s the viscosity of the continuous 


phase. Consequently, we expect mass-transfer-coefficient correlations for such 
convective motion to involve only these three groups. 


8.3.1 Mass-Transfer Coefficients for Bubbles and Bubble Swarms 


The mass-transfer coefficient for a bubble, for example, is the proportionality 
constant between the total bubble flux and the overall driving force, c¥ — c,. The 
local flux at the gas-liquid surface is — Bo (Cc/ez), > (valid for low mass-transfer 
rates), where z is the coordinate measured into the liquid phase. Thus, 


(8.27) 


or, nondimensionally, 
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Near the gas-liquid interface, the dimensionless concentration č has a so- 
lution from the transport equations of the form 


Z = f (Z, Sh, Sc, Gr) (8.29) 


Using this expression to evaluate the derivative (0č/ôZ)+- in Eq. (8.28), which is 
possible in principle, leaves the desired mass-transfer coefficient k, in the form of 


the Sherwood number 


Sh = ED = g(Sc, Gr) (8.30) 
2o, 
Thus, the dimensionless mass-transfer coefficient Sh is a function of only the two 
parameters Sc and Gr. Here D denotes characteristic bubble diameter, 

Correlations for mass-transfer coefficients for falling or rising bubbles, drop- 
lets, or solids have appeared in the literature using other dimensionless groups 
such as the Reynolds number (Re = p,Du/m) or the Peclet number (Pe = 
uD/Do,). The velocity u applied here is the velocity of the gas bubble relative to 
the liquid velocity. In both instances, when an expression for the characteristic 
velocity u in terms of the density difference Ap = (p, — p,) is substituted, the final 
result depends only on Gr and Sc according to Eq. (8.30). 

Mass transfer from an isolated sphere with a rigid interface, a reasonable 
approximation to small bubbles in a fermentation broth containing surface-active 
agents, may be determined theoretically for the case Re = p,Du/p, < 1 and Pe = 
uD/Do, > 1. (Thus uD/Bo, > 1 > p,ıDu/m, which implies that y,/p;Zo, = Sc > 1. 
Is the converse true?) In aqueous liquids, since the kinematic viscosity v = m/p; is 
about 107? cm?/s and Qo, is of the order of 1075 cm?/s, the Schmidt number is 
typically of the order of 10°. Consequently, for Re of the order of 107!-107?, the 
theoretical result of Eq. (8.31) applies. 


Sh = 1.01 Pe’? = 1.01(uD/Do,)!" (8.31) 


For small Reynolds numbers for which this prediction applies, the terminal 
velocity u, of a sphere is given by 
Si a 
D Ap” g 
u, = 
184 


(8.32) 


Replacing u in Eq. (8.31) with u, from Eq. (8.32) gives 


D? Apg 1/3 D3p Apg 1/3 H 1/3 
Sh = 1.01 = 1.01 : : = 0.39 Gr'/3S§c!/3 (8.33 
aA ( 184? ) a i ! i 


[The grouping (D? Ap g)/u,2o, is also known as the Rayleigh number Ra.] 
Notice here that Sh = f(Gr, Sc), as expected. 

For a larger Reynolds number, the single-bubble result for a noncirculating 
sphere in laminar flow is 


Sh = 2.0 + 0.60 Re!/?Sc!¥3 Re>1 . (8.34) 
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Note that Sh varies as the square root rather than the cube root of the velocity, 
indicating that a different hydrodynamic regime is present. Again. replacement of 
u by an appropriate terminal velocity expression will yield Sh = f(Gr, Sc). 

In many industrial air-sparged reactors (Fig. 8.2 configurations), air bubbles 
are produced in swarms or clusters of sufficient intimacy that single isolated- 
bubble hydrodynamics aud mass-transfer results fail to describe fluid motion and 
mass transport accurately in the vicinity of the gas-liquid interface. Calderbank 
and Moo-Young [10] report that two correlations are sufficient to describe their 
data for absorption of sparingly soluble gases into liquids which consume the gas 
chemically. Two distinct regimes of bubble-swarm mass-transfer are evident, the 
division between them being indicated by a critical bubble diameter D.. In the 
absence of surfactants D, x 2.5mm. Bubbles larger than this are typically en- 
countered with pure water in agitated tanks and in sieve-plate columns. Smaller 
bubbles are frequently found in sintered-plate columns and in agitated vessels 
containing hydrophilic solutes in aqueous solution. 

For D < D, = 2.5 mm 


Sh = dd = 0.31 Gr'/?Sc/3 = 0.31 Ra!” (8.35) 
02 
For D > D, = 2.5mm 
k,D 
Sh = —— = 0.42 Gr! Sc? (8.36) 
2o, 


Thus Eqs. (8.33) and (8.35) indicate that in bubble swarms, the mass-transfer 
coefficient for the same Schmidt and Grashof numbers is reduced about 20 per- 
cent compared with the isolated single-bubble case with an immobile surface. 
Equation (8.36) has also been verified for air-lift operation, Fig. 8.2a, using a 
coefficient of 0.50 rather than 0.42, 

The change of Schmidt number exponent in Eq. (8.36) indicates a changed 
hydrodynamic regime from Eq. (8.35). For Newtonian fluids, i.e., viscosity = 
constant, independent of shear rate due to stirring speed, bubble velocity, etc., the 
transition from the D < D, region to the D > D, regime is accompanied by a 
change of bubble shape from nearly spherical (small bubbles) to hemispheric and 
caplike shapes. For further discussion of bubble hydrodynamics in these swarms, 
see Ref. [10]. The transition value of D varies with surfactant; values as high as 
7.0mm have been reported. In some non-Newtonian fluids, which will be dis- 
cussed further later, transition with D is much more gradual than the abrupt 
change observed for Newtonian fluids. i 

Mass-transfer results for small particles show that as the density difference 
Ap diminishes, the Sherwood number approaches 2.0 as a lower limit. For indi- 
vidual cells, clumps, flocs, etc., as well as for gas oil or other hydrocarbon disper- 
sions, a more accurate form of the Sherwood number is 


k,D 


Sh = Z = 2.0 + 0.31 Ra’? (8.37) 
O2 
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or 
k 2.0 Ap g V? 
= — + 0.31] —— 8.38 
Bo, D Fa l i } 


Thus the relative importance of the pure-diffusion result (Ap = 0, k, = 2.020,/D) 
vs. the buoyancy term diminishes as particle size increases. For an isolated cell, 
2Po,/D is of the order of 107! cm/s compared with 107? cm/s for the Raleigh 
number term; the mass transfer near its surface therefore resembles that for a 
sphere in a more or less stagnant medium. Larger diameters due to flocs, films, 
etc., lead to greater relative contributions from the second term. 


8.3.2 Estimation of Dispersed Phase Interfacial Area and Holdup 


Having evaluated k, from the appropriate previous formulas, we still must deter- 
mine the interfacial area a’ per unit volume. The value of a’ can be estimated 
from sparger orifice diameter, overall reactor information, or photographic data, 
among other means. If bubble residence time in the reactor iS fp, volumetric flow 
rate per orifice is Fo, and total number of (equal) orifices is n, then the interfacial 
area per unit volume a’ (neglecting coalescence and change of D with hydrostatic 
head or absorption) is given by 


vile roe nD? _ nF ot, 6 
~ volume °°? 2D3/6 V D 


(8.39) 


In the following discussion, then, we consider the factors which appear on 
the right-hand side of Eq. (8.39). In particular, we will examine in detail the 
physical processes which determine bubble size. Based on these, we will explore 
the feasibility of predicting bubble size as a function of operating conditions. 
contactor design, and fluid properties. While introduced here in the context of 
rising bubbles and bubble swarms, many of the concepts described are also cen- 
tral in determining transport properties in vessels with mechanical agitation. 

There are three main factors which interact to determine the size of bubbles 
in bioreactors (similar comments apply also to dispersion of a sparingly soluble 
second liquid phase). These are bubble formation, bubble breakup, and bubble 
coalescence, Bubble formation is dictated by instabilities in the gas stream enter- 
ing the liquid phase which result in this stream breaking into discrete bubbles 
rather than flowing through the vessel as a continuous stream. Bubble breakup 
depends on the competition between surface tension, which stabilizes the bubble, 
and local fluid forces, which tend to tear the bubble apart. 

The probability of bubble coalescence depends on the properties of the gas- 
liquid interface. In the predominantly aqueous mixtures commonly encountered 
in bioprocessing, coalescence properties are determined primarily by liquid phase 
solutes such as fatty acids, polyalcohols, electrolytes, and ketones. Addition of 
these components suppresses coalescence. In subsequent discussions, it will be 
useful to consider two limiting cases: coalescing dispersions (e.g., air- pure water) 
and noncoalescing dispersions (e.g. air-water with electrolyte). 
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Let us first consider the process of bubble formation as gas flows at volu- 
metric flow rate Fo through a single orifice of diameter d. The diameter of the 
initially formed bubble will be denoted D,. Two regimes can be identified. At low 
gas flow rates, bubbles form one at a time at the orifice. The simplest analysis of 
this situation is based on a force balance for a bubble leaving an orifice. Bubble 


departure occurs when the buoyant force (Dé Ap g)/6 equals the restraining 
force mod: u 


Ap D3 
eras = 6 (8.40) 


More elaborated theories are summarized in Ref. [21]. hee te 
At some critical gas flow rate F$, there is a transition from departure of 
single gas bubbles from the orifice to appearance of a gas jet at the orifice. 


Precise predictions are not presently possible, but this critical gas flow rate falls 
in the range indicated by 


Dang 7 
AL ey i (8.41) 


y 16p, PNG 


At gas flow rates greater than F*, initial bubble formation occurs by breakup of 
the gas jet due to instability of the interface. Based on stability theory developed 
first by Rayleigh, the expected bubble diameter for gas jet breakup in laminar 
liquid flow is approximately 


Do = d(127/0.485)'/3 = 4.27d (8.42) 
provided [21] 
d 
ad (8.43) 
Hi 


This inequality is usually satisfied under bioprocess conditions. 
For sparging into viscous broths, liquid viscosity rather than bubble surface 
tension provides the predominant resistance to new bubble formation. Where the 


bubbles are formed, the ratio of bubble to sparger orifice diameter, (D/d), is given 
by 


D 
G) = 3.23 Reg”! Fr8?? (8.44) 


where the orifice Reynolds and Froude numbers are given by Eqs. (8.45) and 
(8.46): 


4p. F 
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In some circumstances, the bubbles found in the gas-liquid dispersion are 
smaller than those formed at the gas distributor. This occurs because of insta- 
bility of bubbles under the forces applied on the bubbles by the moving contin- 
uous phase. For a dispersed liquid or gas phase in a continuous liquid phase, the 
maximum size of dispersed-phase diameters for either freely rising (falling) or 
agitated configurations is due to a balance of opposing forces: 


1. The dynamic pressure t (the sum of shearing and normal stress differences) 
tends to draw out the droplets into shapes which eventually disintegrate into 
smaller pieces; this subdivision process is resisted by the following two forces. 

2. The surface-tension forces a/D of the particle tend to restore the droplet to 
spherical shape (minimum surface-energy configuration). 

3. The viscous resistance of the dispersed phase to deformation is proportional 
to the term ugD~'\/t/pa, where subscript d indicates a dispersed-phase 


property. 


In gas-liquid systems, term 3 will be negligible compared with term 2. In 
liquid-liquid contactors the last term should be relatively larger, but a later result 
of Example 9.2 indicates again that the forces in term 2 appear to predominate 
even for these all-liquid systems. 

The last two restoring forces diminish as D~*, where B is a positive number. 
Thus, at some critical diameter D,, the dynamic pressure will override the two 
countering resistances and rearrange the bubble or droplet into smaller portions. 
At the critical diameter, evidently the following equality holds: 


1/2 
m, > 4 maiu D5 = | sg (8.47) 


where m, and m, are constants. 
If the surface-tension forces are much more significant than the viscous 
forces, as argued, then at the critical bubble size 
o D. mo 


a or m,=T F or D, = a (8.48) 


Equation (8.48) states that the maximum stable bubble size is a dimensionless 
constant (m,) times surface tension divided by dynamic pressure. Thus, with 
greater dynamic pressure, increasingly smaller bubbles will be broken up. 

Theoretical relations or correlations describing the relationship between the 
maximum stable bubble (or drop) size and fluid and flow properties typically 
employ a dimensionless group based on the form of Eq. (8.48). The Weber 
number We is defined by 


We=1t-— ae (8.49) 
A l 


wh 


qui 
the 
the 
the 
cha 


Whe 


17) 


dus 


Ee A, 


LRA A r AS oe 


So EETA 


SNS: a i 


re 


REUSE 


TRANSPORT PHENOMENA IN BIOPROCESS SYSTEMS 479 


The critical Weber number We, is the value of We for D = D, which, according 
to Eq. (8.48). is a characteristic constant. Experiments for clean air-water systems 
and theoretical calculations indicate that We, is approximately unity (actually 
1.05}. 

In order to calculate the maximum stable bubble size using these concepts, 
we need to determine a suitable value of the dynamic pressure t for different flow 
situations. For freely rising bubbles, t is given by 

piu; 


where u, is the bubble terminal velocity, given by Eq. (8.32) for spherical bubbles. 
In a complicated turbulent flow. estimation of the dynamic pressure is difficult. 
Turbulence is expected in bubble columns, for example, near aeration nozzles. 
Faced with this problem, we now consider some general concepts in turbulence 
which will be useful in several contexts which follow. 

In the statistical theory of turbulence formulated by Kolmogorov and others, 
the turbulent flow field is regarded as a collection of superposed eddies or veloc- 
ity fluctuations characterized by their fluctuation frequency (or length scale) and 
magnitude. The largest vortex elements or primary eddies have the scale of the 
main flow. These largest eddies are unstable and disintegrate into smaller eddies 
which are unstable and disintegrate into still smaller eddies and so on. Kinetic 
energy flows through this cascade from largest eddies to the smallest eddies until 
ultimately this energy is dissipated as heat. As the energy is transferred through 
this cascade, the directional character of the primary eddies. which depends 
on the geometry of the vessel, entering jets, mixers, and the like, decays. Kol- 
mogorov's theory asserts that the smaller eddies are statistically independent of 
the primary eddies and are locally isotropic (spatially uniform). The smallest 
vortices which dissipate the turbulence energy have length scale Ao given by 


3/4 

. Be PP 

4o=—3I(> (8.51) 
5 p G) 


where P/V, is the power input per unit volume. 

In examining the effects of turbulence, we commonly use time-averaged 
quantities. The rms velocity ums = (u?(t)>!’? (< > denotes time averaging over 
the instantaneous velocity fluctuations) reflects the typical average magnitude of 
the local velocity variations. For length scales |! much smaller than the scale of 
the primary eddies and much greater than /,, the rms velocity of vortices with 
characteristic size | is given by 


P 1/3 l 1:3 
5 (| G (8.52) 
eddies of scale! V Pi : 


u 


rms 


where a is a constant. 
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Returning now to a suitable choice of dynamic pressure for use in the Weber 
number in turbulent flows, we can use 


T= A tm 


since this gives a measure of the turbulent shear stress which acts on a bubble of 
size D,. Combining Eqs. (8.49), (8.52), and (8.53), we obtain 


2 
eddies f (8.53) 


scale De 


g6 
D. =e (P/V,)°-4p° (8.54) 


where «’ is a constant. Thus, the maximum stable bubble size is reduced if the 
power dissipation per unit volume is increased. 

It is significant that, according to the theory of isotropic turbulence, the 
power input per unit volume is a key parameter in determining the scales of 
eddies obtained and the intensity of turbulent velocity fluctuations of length 
scales comparable to bubble and drop sizes. Local isotropic turbulence is an 
idealized situation not always obtained in practice; however, it is important to 
remember this physical view of the mechanism by which energy input to a pro- 
cess in the form of gas compression or mechanical agitation is ultimately trans- 
mitted to bubbles, drops, flocs, and mycelial pellets. Furthermore, Eqs. (8.52) and 
(8.54) above prepare us well to expect important effects of P/V, on mass transfer 
coefficients in sparged towers and agitated tanks. Another important aspect of 
this theory deserves special emphasis: what matters is the local energy dissipated 
per unit volume, regardless of the means by which that energy is delivered to the 
mixture (for example injection of compressed gas versus mechanical mixing, one 
impeller or two, etc.). Again, this is an idealization, but it is one that is consistent 
with experimental observations in some cases. 

Having considered coalescence, bubble formation, and bubble breakup 
separately, let us now examine the different possible outcomes of interaction of 
these processes in a sparged column. First we shall suppose that bubble (or 
droplet) coalescence is slow in the two-phase dispersion considered. If the initial 
bubble diameter D, is less than the maximum stable bubble diameter D, eval- 
uated under conditions of greatest dynamic pressure (typically in the region of 
bubble formation in a sparged column), the characteristic bubble diameter is Do 
(Table 8.3). If Do exceeds this maximum stable diameter, bubble breakup tending 
toward a characteristic diameter equal to D, is expected. 

On the other hand, if coalescence occurs rapidly, bubbles initially formed will 
coalesce and grow in size until they exceed the maximum stable bubble size after 
which breakup occurs. In this case, except in the region of the sparger, the initial 
bubble size D, has little influence on bubble size in the vessel. Remembering that 
turbulent velocity fluctuations generally vary from point to point in the vessel so 
that D, does also, the coalescing system is characterized by a tendency at each 
point toward local coalescence-breakup equilibrium with characteristic bubble 


size given by D.. 
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Table 8.3 Characteristic bubble diameter D de- 
pends on bubble coalescence properties and on 
the relationship between bubble diameter at for- 
mation (Do) and the maximum stable bubble 
diameter (D.) 


Condition Noncoalescing Coalescing 

Dy < De D~ Do Transition toward 
dispersion equilibrium 

Do > D. D~ D. sparger D~ D. 


(stirrert flocal 


These observations have important implications for equipment design. In a 
noncoalescing system, energy dissipated for gas dispersion is most efficiently ex- 
pended at the point of initial bubble formation and dispersion. Uniform dissipa- 
tion of energy for dispersion is best when coalescence is important. These facts 
have motivated invention, characterization, and application of many alternative 
contacting and mixing configurations for bioreactors as we shall see in Chap. 9. 
These points and other related qualitative ones may be at present the most 
practically useful results from the preceding discussion of mechanisms. In fact, 
spatial inhomogeneities in flow patterns, turbulence properties, and gas/liquid 
volume fractions are so complicated in most situations that quantitative predic- 
tion is difficult, requiring recourse to correlations to obtain useful numbers. 
Armed with the physical insight just gained, however, we now should be alert to 
check the basis for various correlations before applying them. A correlation 
based on data from a clean air-water, and hence coalescing system, will likely 
have little relevance for a process containing a relatively noncoalescent two- 
phase mixture. 

Returning now to the factors in Eq. (8.39) which determine interfacial area 
per unit volume a’, we consider the bubble residence time t,. This time may be 
estimated from the bubble rise velocity integrated over the reactor height h, 


ae dz h 
s= f an (8.55) 


0 u,(Z) u, 


where in the approximate expression on the right-hand side the bubble rise veloc- 
ity has been taken to be the bubble terminal velocity. For isolated small bubbles 
at small Reynolds numbers the terminal velocity given in Eq. (8.32) can be used. 
In the case of large, spherical-cap shaped bubbles (diameter D) in Newtonian 
fluids, the terminal rise velocity to be used in these calculations is 


u, = 0.711(gD)"? = 22.26/D cm/s (8.56) 


For bubble clouds or swarms, calculation of the characteristic bubble rise 
velocity is more difficult, since neighboring bubbles influence each other’s motion 
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and since bubble coalescence and breakup may occur. As a crude approximation, 
comparison of Eqs. (8.33) and (8.35) suggests that for identical Sc and Sh, 


u, (bubble cloud) ]°__ 0.31 oe 
u, (single bubble) | 0.39 (8.57) 

so that 
u, (bubble cloud) ~ 0.50u, (single bubble) (8.58) 


Any real dispersion will generally contain a distribution of bubble sizes. This 
raises the question of suitable definition of a characteristic or mean size. The 
value of D for Eqs. (8.35) to (8.38) is the surface-averaged, or Sauter mean bubble 
diameter D,,, 


_ 2} mD} 
~ Ym,D? 


where m, is the number of bubbles of diameter D;. 

The quantity nFot, in Eq. (8.39) is the total bubble volume in the reactor. 
The bubble volume per reactor volume is known as the holdup H (volume gas 
per volume reactor). If the holdup value is available from other laboratory, plant, 
or literature correlations (Example 8.1), it is used directly in 

6 


a=H = (8.60) 


Dem (8.59) 


When writing mass balances oni the liquid phase volume only, it was conve- 
nient to define an interfacial area per liquid volume, a’, as in Eqs. (8.14) and 
(8.15). A second common quantity is a, the interfacial area per (liquid + gas) 
volume. These two interfacial measures are related through the holdup H: 


a(1—H)=a (8.61) 
Thus, in using correlations for mass transfer, care must be taken to note whether 
the original reference calculated k,a or k,a’. 
Example 8.1 Holdup correlations 
Bubble column! : 
H/(i — H)* = 0.20(Bo)!/®8(Ga)!22Fr (8E1.1) 
where Bo = Bond no. = gd?p,/a 
Ga = Galileo no. = gd3/u? 
Fr = Froude no. = ug/./9d, 


ug = gas superficial velocity 
d, = tower (tank) diameter 


t? M. Chakravarty, S. Begum, H. D. Singh, J. N. Baruah, and “M. S. i Biotech. Bioeng. 
Symp., 4: 363, 1973. 
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Laboratory-scaie gas-lift column’ : Holdup interior to draft tube (sparged): 
Ay =] (u — by)? > + 1.61 Be 107 +y49-88 
ue ai Tr (8E1.2) 
Holdup in annulus: 
74.2 — g A... 71.08 
=123 -2 0.45] “tint 
Sep oa e = at Fal oes (8E1.3) 
Holdup above baffle: 
H,=7.5 x 1073y4°88 (8E1.4) 
Total column holdup: 
H = 0.003u°:88 
where 4 = liquid viscosity at column temperature (cP) 
Huo = Water viscosity at column temperature (cP) 
c = gas-liquid surface tensicn (dyne/cm) 
u = superficial gas velocity (cm/s) 
Ain = Cross-sectional area of draft tube (cm?) 
Aann = Cross-sectional area of annulus (cm?) 
Laboratory-scale gas-lift column? in draft tube: 
H at id fracti 8E1.5) 
= 7. = void fractio . 
IOn eu, AMASR ( 


where u, is the superficial gas velocity in draft tube and, using volumetric flows, 


gas flow rate 


y— 


gas + liquid flow rate 


32 cm/s y < 0.43 
” 1257 — 0.43) + 32 y > 0.43 


Agitated tank: diameter = height for Re?” (N,D,/u)°3 < 2 x 104 


F Pongo? u\ 12 
n= [2 Jil +0010 and = dy = 1.44 — o 


o u, 


For Re?” (N;D,/u)°? > 2 x 104 


a u 
H= a + 0.015a, 
a u, 


and 


: N,D\°-3 
log ——* = 1.95 x 1075 Re?” as) 


0 u 


t M. Chakravarty, 
4: 373, 1973. 


*R. T. Hatch, Ph.D. Thesis in Food Science and Nutrition, p. 150, Massachusetts Institute of 
Technology, Cambridge, Mass., 1973. 


* P. H. Calderbank, Trans. Inst. Chem. Eng.. 36: 443 1958. 


S. Begum, H. D. Singh, J. N. Barrah, and M. S. Iyengar, Biotech. Bioeng. Symp. 
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where ay, a, = interfacial area per unit volume of broth 
Re, = impeller Reynolds number = pN;D?/n, 


u = superficial gas velocity (empty-tank basis) 
u, = bubble rise velocity 


and N,, D;, P, p, o are as in the text (see Sec. 8.4). 


Agitated vessels’: For air in water Richards’ data can be represented by 


P\o4 
(5) ul? = 7.63H + 2.37 


where P = horsepower (hp) 
V = ungassed liquid volume, m? 
u = superficial velocity, m/h 
H = volume void fraction (valid for 0.02 < H < 0.2) 


8.4 FORCED CONVECTIVE MASS TRANSFER 


Vigorous mechanical mixing of air-liquid dispersions is often necessary to obtain 
economic rates of biomass increase, substrate consumption, or product forma- 
tion. The concerns of this section are again relationships between appropriate 
variables allowing estimation of mass-transfer coefficients k, and/or a or a’, the 
interfacial area per appropriate volume. 


8.4.1 General Concepts and Key Dimensionless Groups 


The functions served by mechanical agitation augment (and in some cases dom- 
inate) the influences of convection driven by freely rising or falling dispersed 
phases: 


1. The high dynamic pressure near the impeller tip or other mixer devices pro- 
duce small bubbles, thereby increasing a’ locally. Provided that the rate of 
bubble coalescence is not correspondingly increased elsewhere in the vessel, 
the result is an increased value of the volumetric average value of a’. 

2. The fermentation fluid may contain a suspension of solid or other liquid 
phases which may tend to rise or fall in the vessel. Mechanical mixing pro- 
vides a more uniform volumetric dispersion of these phases in the bulk liquid. 
For hydrocarbon dispersions, k, contains a term proportional to the cube 
root of the phase-density difference (py, — Puc)” [recall Eq. (8.38)]; the 
resulting small mass-transfer coefficient for hydrocarbon-substrate-limited 
fermentations is increased by agitation. 

3. For gas bubbles of given size in vigorously agitated vessels, k, does not vary 
significantly with power input since the relative gas or fluid velocity is dom- 
inated by density differences. (Why is this true?) The agitator turbulence, 


a 


tJ. W. Richards. Prog. Ind. Microbiol., 3: 143, 1961. 
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however. will decrease D and thus increase a’ for a given holdup; note that 
this result will change the size of the bubbles and thus k, through the in- 
fluence of D. 

4. The maximum size of loosely aggregated mycelia, microbial slimes, mold 
pellets, etc, may be diminished by agitation, thus maintaining a smaller 
microbial Thiele modulus (Sec. 4.4) and again rendering the vessel more 
uniformly mixed with respect to the liquid phase. Examples of decreased 
yields of desired products have been reported at relatively high agitation 
rates; these may be due to cellular or extracellular enzyme damage, mixing 
interference with morphological development and differentiation, etc. 

5. The liquid-cell suspension may be so viscous that only mechanical agitation 
provides any degree of bulk-liquid mixing (considered further in Sec. 8.8). 


In forced convection, the action of the applied mechanical work produces some 
characteristic velocity against which other motions can be scaled. For impeller 
agitation, two scales exist: the rms fluid velocity fluctuation u,ms, and the impeller 
tip velocity u;, which is proportional to N,;D;, where N; is the impeller rotation 
rate in revolutions per unit time, and D, is the impeller diameter. 

Reduction of the forced-convection balances for total mass, species, and 


momentum produces the following dimensionless groups using u,,,, as the char- 
acteristic velocity: 


Sherwood number = Sh = a (8.62a) 
Schmidt number = Sc = p,/p,Zo, (8.625) 
Reynolds number = Re = p,Du,,,./L, (8.62c) 
Froude number = Fr = u2.,,,/gD (8.62d) 


Alternately, in stirred systems, the characteristic dimension may be taken as 
the impeller diameter D;, and the reference velocity is N;D;. The subscripts i 
remind us that the scaling is to the impeller rather than the gas, liquid. or solid 


particles present in the dispersion. In this case, the appropriate Reynolds and 
Froude numbers are given by 


D; N; D? N? D; 
Kea ND ial Sad d Fr, = < (8.63) 
Hy Hi g 


The Froude number has received other definitions. For mass transfer into a 


suspension of “neutrally buoyant” particles, the following relationship has been 
Suggested: 


Fes (8.64) 


where L is the reactor height. As the Froude number represents the contribution 
of free-surface dynamics vs. mechanical mixing,.the distance of the surface from 
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the tank bottom could logically enter in its description. When the stirred volume 
refers to the mixing of two phases (continuous and dispersed) of different den- 
sities, e.g., hydrocarbon droplets in aqueous phases, the following definition of a 
modified Froude number may be useful: : 


pN? D? 
Friwophase Ta Ap gL 


(8.65) 


It is clear that close attention should be paid to both the form of correlations and 
the definitions of the groups involved in literature reports; a correlation should 
never be used or cited without careful group definitions. 


8.4.2 Correlations for Mass-Transfer Coefficients 
and Interfacial Area 


The mass-transfer coefficient of gases depends largely on the hydrodynamics of 
_ the liquid film near the bubble; this in turn is dominated by the natural convec- 
tion buoyancy forces and the turbulent Reynolds number during most of the 
bubble residence time; thus correlations for freely rising bubbles are most usefully 
associated with the Reynolds number of Eq. (8.62c). 

In sufficiently large reactors fitted with baffles to maximize mixing rates 
within the continuous phase (Chap. 9), the influence of free-surface effects 
(Froude number) becomes unimportant. Free-surface gas exchange can be signifi- 
cant in bench-scale bioreactors, but this contribution fades to insignificance as 
reactor scale increases. In the absence of such surface influences, the dimension- 
less solutions for the velocity and concentration fields yield 


c = f(z, Re, Sc, Sh) (8.66) 


so that the dependence of the Sherwood number is 


Data of Calderbank’s [11] give the correlation 
Sh (turbulent aeration) = 0.13 Sc!/3Re3"4 (8.67) 


In terms of power input per unit reactor volume, using relation (8.52) we can 
show that the variation of k(Sh) with P/V is 


P 1/4 
Sh oc E (8.68) 
Thus 
PPE ai 
k = 0.13( HD) SEART a (8.69) 
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Once turbulence has been achieved, so that the previous equation applies, the 
specific increase in k, with P diminishes rapidly, as is seen by evaluation of 

1 dk, | 


kı dP 4P oe) 


From the previous discussion of bubble breakup. we expect to be able to 
correlate the maximum stable bubble diameter D, as a function of o and the 
variables dominating dynamic stress. Since this value is closely related to the 
characteristic actual bubble diameter D,,, in many cases, it is not surprising that 
correlations for D,,, have a similar form. The inclusion of additional terms 
depending on the gas holdup H and dispersed phase viscosity j in these correla- 
tions indicate important but not dominant contributions from other processes. 
The earlier caveat about comparing coalescence properties in the correlation 
basis experiment and the system of interest stands also in connection with the 
correlations in Example 8.2. 


Example 8.2 Correlations for maximum (D,) or Sauter mean (D,,,) bubble or droplet diameters 
For freely rising bubbles, experimental values! are 


o\12 
p, = (1452 x 10> £) cm ` (8E2.1) 


For agitated vessels. on a power-per-unit-volume basis we list the results of several experiments: 


Experiment l liquid-liquid :* 


goé pa\0 25 
Don = 0.224 po P/V)o4 RA) (8E2.2) 
Experiment 2 gas-liquid electrolyte :? 
0-6 0.25 
Don = 2.25 — UP vps w (8E2.3) 
Pi Y) Hi 
Experiment 3 gas in alcohol solutions :* 
paged [u 0.25 
Dim = 1.90 PETI 10-6 a (8E2.4) 
i ` 
For gases in viscous liquids. 
g? 6 uy’ 0.1 
Dım = 0.7 ——— | — (8E2.5 
(P/V)>*p?? P l 


S. Hu and R. C. Kintner, “The Fall of Single Liquid Drops Through Water.” AIChE J., 1: 42, 
1955. 

* P. H. Calderbank, Trans. Inst. Chem. Eng.. 36: 443, 1958. 

“J. A. McDonough. W. J. Tomme, and C. D. Holland. “Formulation of Interfacial Areas in 
Immiscible Liquids by Orifice Mixers.” AIChE J.. 6: 615, 1960. 

*S. M. Bhavaraju, T. W. F. Russell, and H. W. Blanch. “Design of Gas Sparged Devices for 
Viscous Liquid Systems.” AIChE J.. 24: 454 (1978). 
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For agitated vessels, impeller variables [26] 


P pN?D? 4 
y“ const D? for Re, > 10 (8E2.6) 
D, o \0.6 
wo Conso eR, a (8E2.7) 
For turbulent pipe flow [11] 
D o 0.6 Ly 0.1 
= (const {Wep k Rezt) = (const ———}_ (| ———— 8E2.8 
Dpipe ( X pop ete ) ( Maeva te a) ( ) 
where 
a S Dpi UimsP! 
Ve, = | — ands Reip, = L2 8E2.9 
vie ome a? ae 


For flow through an orifice in pipe flow (measured one foot downstream)‘ 


D pipe Doriti) ?7? 0.121 -0.722 5 0,065 
D = 21. D H We, pipe Re; (8E2.10) 
Pipe 
where We,,,, and Re,;,, are as in Eq. (8E2.9). 


Given D, or D,,, and the holdup H, the value of a is calculated from Eq. (8.60). For complex 
situations like those applying to most of the macroscopic contactor situations in Fig. 8.2, H must be 
measured directly or obtained from correlations for similar configurations. A representative sampling 
of such correlations was given in Example 8.1. 


8.5 OVERALL k,a’ ESTIMATES AND 
POWER REQUIREMENTS FOR 
SPARGED AND AGITATED VESSELS 


In this section we summarize different experimental findings on the volumetric 
mass transfer coefficient k,a’. Experimental results are often reported in this form 
because of lack of knowledge of a’ directly. Also, in some cases this combined 
parameter is used to account for other effects such as long residence times of 
small bubbles in highly viscous fermentations. These bubbles become depleted of 
oxygen and therefore contribute little to oxygen transfer. Thus, an optically 
determined a’ value may not represent the interfacial area per unit volume of 
oxygen-containing bubbles. 

We have already noted that increasing power input can reduce bubble size 
and thereby increase interfacial area. Here, we cite methods for calculating power 
input in terms of the gas sparging and agitation parameters. Also, we consider 
the common case of simultaneous gas sparging and mechanical agitation. 


"J. A. McDonough, W. J. Tomme, and C. D. Holland, “Formulation of Interfacial Areas in 
Immiscible Liquids by Orifice Mixers,” AIChE J., 6: 615, 1960. 
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Many studies of gas-liquid mass transfer in low viscosity fluids in agitated 
vessels have been reviewed by Van't Riet [9]. Results of many experiments in 
many different vessels with different mixer configurations are all fit within 20 to 
40 percent by the relationships 


Stirred vessel, water. coalescing: 


y 


0.4 
ka = 26 x 10-5) Cas Cue (8.71) 


(V < 2600L; 500 < P/V < 10,000 W/m?) 


Stirred vessel, water. noncoalescing: 
P 0.7 
ka = 2.0 x wa (u,,)°*(s~*) (8.72) 


(2 < V < 4400L; 500 < P/V < 10,000 W/m?) 


Here u,, is the superficial gas velocity which is equal to the gas feed volumetric 
flow rate divided by vessel cross section area times the gas holdup. The ranges of 
vessel volumes and volumetric power input considered in obtaining these correla- 
tions is Indicated with each. 

It is significant to note that, consistent with the concepts of turbulence dis- 
cussed earlier, these correlations have been applied (within the indicated 20 to 40 
percent) regardless of the type of stirrer (turbines, paddles, propellers, rods, self- 
inducing agitators) and the number of stirrers. Stirrer position also seems to be 
immaterial unless the stirrer is close to the bottom of the vessel (less than the 
stirrer diameter), which decreases dissipated power, or close to the surface, which 
results in air entrainment and lower power consumption. 

Similar examination of mass transfer data from bubble columns shows: 


Bubble column, water, coalescing: 
kıa = 0.32(u,,)°’ (8.73) 


if noncoalescing conditions exist in a bubble column, no general correlation can 
be presented since sparger construction influences ka. 

As indications of the other types of correlations which have been proposed, 
and because a priori determination of power consumption or gas superficial 
velocity may not be simple, we summarize next several additional correlations. 
For gas transfer in a bubble column, Akita and Yoshida [12] reported 

2 
<i) = 0.6(Sc)!/2Bo®-62Ga0-3! H1! (8.74) 
where the Bond number (Bo = gd?p,/o) and Galileo number (Ga = gd3/u?) are 
referred to the tower diameter d,. This equation is found accurate for d, < 60cm, 


and also useful if, for d, > 60 cm (0.6 m), the value of 0.6 m for d, is used in Eq. 
(8.74), 
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In the same spirit, the volumetric mass transfer coefficient, k,a, for an airlift 
column is given by Bello et al. [13] as Eq. (8.75) 


q = 0:0005-(P/V)?® 
"(1+ A4/A,) 


where A,/A, = ratio of areas of downcomer and riser sections and P/V = 
aeration power input/volume. This correlation is useful, but hides the fact that 
mass transfer, holdup, etc., are not the same in the riser headspace and down- 
comer portions of the air lift equipment. 

All correlations have a limited range of applicability. For example, the strong 
dependence of k,a’ on P/V indicated in Eq. (8.75) vanishes at sufficiently small 
P/V values (P/V < 1) since bubble fluid dynamics are here dominated by natural 
convection driven by bouyancy. 

A motionless mixer may be used to subdivide and remix repeatedly the liquid 
phase, as well as to maintain the upward bubble flow and reduce or eliminate 
large bubbles or air “slugs.” Wang and Fan [14] suggest the volumetric mass- 
transfer correlation 


(8.75) 


k,a = aap] (s~ 1) f (8.76) 
where u,, u, are gas and liquid superficial velocities (cm/s). 

A potential shortcoming of using any correlation is the frequent implicit 
assumption of uniformity of power dissipation and/or k,a’ in the contactor in 
which data underlying the correlation was taken or in the vessel to be designed 
or analyzed. As an indication of potential difficulties in this connection, consider 
- the variations in mean flow velocities measured in a standard agitated, baffled 
tank. The lines in Fig. 8.6 indicate circulation patterns and the numbers give 
local average velocities as a fraction of the impeller tip velocity. 

Several studies of sparged column contactors vividly illustrate important 
spatial variations in ka’. Figure 8.7 shows experimental measurements of dis- 
solved oxygen axial profiles in a bubble column and in a three phase fluidized 
bed containing particles of diameter 0.1 cm. In both cases, there is an entry zone 
near the sparger in which oxygen transfer rates are relatively large and a later 
zone of much smaller transfer rates. This may be due to a transition from bubble 
sizes dominated by sparger conditions to bubble sizes dictated by coalescence- 
breakup equilibrium. Other indicated points in Fig. 8.7 are calculated from a 
mathematical model which assumes plug flow of.gas through the column through 
two zones with different volumetric mass-transfer coefficients for each zone. The 
interface between the two zones was estimated to be around 33cm above the 
sparger. Decreasing k,a’ values over the first 27.6 cm above the sparger, then 
constant k,a’ were successfully employed in another model for a different bubble 
column contactor. 

A clear pitfall exists here for scale-up. The entry region identified above will 
contribute significantly in small laboratory systems but will constitute only a 
small fraction of the vessel volume in a tall, large-scale column. 
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Baffle 


Surface of liquid 


Vessel wall 


Figure 8.6 Average flow velocities (as 
fraction of impeller tip speed = 
5.2 ft/s) and circulation patterns in 
water in a 12” high tank stirred at 
200 rpm. (W. L. McCabe and J. C. 
Smith, Unit Operations in Chem. Eng., 
3d ed., 1976, p. 234, McGraw-Hill, New 
York.) 


Next we consider calculation of power requirements to achieve desired gas 
sparging and mechanical agitation rates. Our emphasis here is on important 
overall concepts and trends; more detailed treatments considering energy losses 
in process equipment components are available in the references. For gas sparg- 


ing into a column, the power used in compression to sparge a gas volumetric 
flow rate Fy, at pressure p}, iS 


RT ue 
P= Poked caw) In +a a = (8.77) 
where p, is the pressure at the top of the vessel and uy is the gas velocity at 
sparger orifice. The fraction of gas kinetic energy transferred to the liquid, «, is 
typically about 0.06. 

The power consumption for stirring nonaerated fluids depends upon fluid 
properties p, and y,, the stirrer rotation rate N; and diameter D,, and the drag 
coefficient of the impeller Cp,. The latter is expected to vary with impeller 
Reynolds number in a different manner for each flow regime: laminar, transition, 
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Figure 8.7 Experimental data (@) showing variation of dissolved oxygen content as a function of 
distance above the sparger for (a) a bubble column (u, = 7.5 cm s7}, u, = 28 cm s~ }) and (b) a three- 
phase fluidized bed containing 0.1 cm diameter particles (u, = 7.5 cms” $, u, = 20s~'). The points 
(0O) were calculated from a mathematical model. Lines drawn to show trends. (Reprinted by permis- 
sion from M. Alvarez-Cuenca and M. A. Nerenberg, Adv. in Biotechnol. vol. 1, p. 477 (1980), M. Moo- 
Young (ed.), Pergamon Press, p. 477.) l 


or turbulent. A well-known study by Rushton, Costich, and Everett [26] is 
summarized in Fig. 8.8a for three impeller geometries. The data are plotted 
as a dimensionless power input, the power number P,,, vs. impeller Reynolds 
number Re;: 


= eae (8.78) 
PIN; D; 


In the turbulent regime, the power input is independent of Re,, 
Po ND? P= const 
whereas in laminar flow, the relation is more nearly given by 


1 
P x ND? o P 


The proportionality constant in each case depends on the impeller geometry. It is 
interesting to note the strong similarity between this figure and the plot of the 
friction factor in tube flow. In the latter case, the friction factor varies as 1 /Re in 
laminar flow (as does the power number vs: Re;), and, in turbulent flow, f tends 
to a nearly constant value which has a larger magnitude for pipes with rough 
walls. Similarly, as the agitator geometry becomes less “smooth,” Fig. 8.8a, the 
power number reaches a higher turbulent plateau value. The latter case is more 
complicated since the presence of the tank walls and*bdaffles will also exert a? 
effect on the measured power input P. - 


Friction factor, f 


TALS 


ion of 
three- 
points 


ermis- - 


Moo- 


'6] is 
otted 
nolds 


(8.78) 


y. It is 
of the 
|/Re in 
f tends 
rough 
8a, the 
s more 
xert an 


fs ABSA 


EES 


Pie EP E riat h emg SaaS SE Sree 


a 
ý 
ve 
My 
$ 
E 
Se 
x 
b 
ba 
$ 
i 
4 
4 
A 


TRANSPORT PHENOMENA IN BIOPROCESS SYSTEMS 493 


Flat-blade turbine | 


Turbulent 


oe E 
; SRRERSER TREES 
DN 


Friction factor, f 
° o 
[æ] fas] 
N Nn 


102 103 104 105 106 


107 


Reynolds number, Re = D<u> p/p 
(b) 


Figure 8.8 (a) Power number vs. Reynolds number (impeller) for various impeller geometries. 
(b) Pipe friction factor f vs. Reynolds number, Re. z equals height of surface roughness peaks. 
[(a) Reprinted from S. Aiba, A. E. Humphrey and N. F. Millis, “ Biochemical Engineering” 2d ed, 
p. 174, Univ. Tokyo Press, Tokyo, 1973; modified from J. H. Rushton, E. W. Costich, and H. J. 
Everett, “ Power Characteristics of Mixing Impellers, part 2? Chem. Eng. Prog., vol. 46, p. 467, 
1950. (b) Reprinted by permission from W. L. McCabe and J. C. Smith “Unit Operations of Chemical 


Engineering” McGraw-Hill, New York, 1954 (original curves from L. F. Moody, Trans. ASME, 
vol. 66, p. 671, 1944).] 
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When the agitated vessel is simultaneously aerated, the power requirements 
for agitation decrease. The ratio of power requirements in aerated vs. nonaerated 
vessels, P,/P vs. a dimensionless aeration rate N, 


F, l 
rat (8.79) 


(where F, is volumetric gas rate) has been correlated, as shown in Fig. 8.9. 
Except for the most rapidly changing part of the curve, these forms can be 
fitted to 
PAN) — PN, = © 

Al a) a( a Res e7™Na (8.80) 

P — PAN, = 00) 
where m = const. An alternative form which is also useful in turbulent aeration of 
non-Newtonian fluids is due to Michel and Miller [28]: 


P?N.D? 0.45 P?(N, D?)°-44 0.45 
P, = a) = nose | (8.81) 
g a 


where m = const. In both the above correlations, P is the nonaerated power 
input of the earlier chapter formulas. l 

From the relations of the previous paragraph, at constant N ; and D,, the 
power input diminishes with increased N,, that is, increased air flow F,. This 
effect appears partially due to the decrease in average density of the fluid being 
agitated. Uniformity of bulk mixing diminishes with increasing N,. 

In several bioreactor designs, mixing is provided by injection of a liquid 
jet into the vessel. In this case the power dissipation may be estimated from (see 
Ref. 29) l 

8p,F? 
= n? D+ 


(8.82) 


where D; is the jet diameter. 


Figure 8.9 Ratio of power require- 
ment for aerated vs. nonaerated sys- 
tems as a function of N, (see text): A, 
flat blade turbine (8 blades); B, vaned 
disc (8 vanes); C, vaned disc (6 vanes); 
D, vaned disc (16 vanes); E, vaned 
disc (4 vanes); F, paddle. ( Reprinted 
by permission from Y. Ohvama and K. 
Endah. “Power Characteristics of Gas- 
Liquid-~Contacting Mixers” Chem. 
Eng.. Japan. vol. 19, p. 2, 1955.) 
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Figure 8.10 Free surface operation confi 
film. (d) turbulent stream flow. 
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8.6 MASS TRANSFER ACROSS FREE SURFACES 


Gas transfer through gas-liquid free surfaces (Fig. 8.10) plays a major role in 
oxygen supply and CO, removal from animal cell cultures. Surface mass transfer 
is also important in shake flask and small-scale stirred bioreactors for microbial 
cultivations. Transport across free liquid surfaces is essential for stream reaera- 
tion and respiration of aerobic life near the sea surface and in lake communities. 
Free-surface mass transfer is also important in many industrial microbial pro- 
cesses employing trickle-bed reactors, e.g., wine-vinegar manufacture and 
wastewater treatment. In the former cases, the depth of oxygen transfer depends 
on the scale of eddy motions near the liquid surface. Mass transfer into or out of 
falling-liquid films has been studied frequently, though not often under condi- 
tions appropriate to microbial processes. This circumstance is considered first. 
The area-integrated absorption rate for a falling laminar liquid film of thick- 


ness h, length L, and width W and with zero initial concentration of dissolved gas 
is given by 


nA AD Uma N 
Integrated absorption rate (moles/unit time) = W Lc* Se (8.83) 
Tl 
Uau = 0 
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where uma, is the free-surface velocity. In the derivation, it is assumed that the 
solute concentration near the solid boundary never departs from zero; i.e., the 
diffusing solute does not “penetrate” the entire film thickness during the falling- 


time interval [5]. 
We define the Reynolds number for the situation as 


Umax R,p 
Hi 


Re = 


where the hydraulic radius R, is used as the length scale 


Wh 


h : 
“Swans “oS 


R, 


From the definition for the mass-transfer coefficient 
Integrated absorption rate = k(cř — c)WL (8.84) 
For c, approximately zero relative to cf, Eqs. (8.83) and (8.84) can be rewritten in 
the form Sh = f(Sc, Re): . 
k,h 
Sh = A = 2b(Sc Re)!/? (8.85) 


O2 


where h is the length scale for the Sherwood number and b = (L/h)'/?. Thus, Sh 
varies as Re?/?. 

Livansky et al. [18] studied CO, absorption into aqueous films moving 
down a slope of known area using water, algal suspensions, and nutrient medium 
as absorbing fluids. The value of k, at Re =7 to 8 x 10° was the same for all 
three fluids; only the algal suspensions were studied at different Reynolds 
numbers. (These films may have been turbulent.) Their results can be described 
by 

k,= 4x 1075 Re? for 2000 < Re < 8000 


In turbulent flowing streams, the scale of circulation is important since this 
scale determines the depth to which fluid carries fresh, nearly saturated liquid 
from the surface into the bulk liquid. If we imagine a circulating eddy of length 
and depth A, as shown in Fig. 8.11, the average Sherwood number for mass 
transfer under turbulent conditions can be defined analogously to Eq. (8.28) as 


Poe A 
FA [O a 
2o, 0 ôZjz=0 


where Z and w are dimensionless coordinates scaled by A, and k, is the average. 
value over the eddy length. 

The rate of mass transfer is ultimately dependent on Bo, locally and on the 
rate at which fluid near the surface is renewed by the circulation pattern. AD 
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Stream surface 


Figure 8.11 Sketch of circulating 
eddies near a free liquid surface. 


early derivation due to Higbie’ argued that for fluid elements with identical 
residence times t at the gas-liquid surface the mass-transfer coefficient k, should 


be 
- GD 1/2 
k, = B (8.86) 


NT 


This form has been extended by Danckwerts for distributions of surface residence 
times, the result still giving k, œ (o,)'/?. A flowing turbulent stream of average 
flow velocity <u,,> has been suggested to have a renewal time t equal to the ratio 
of stream depth h to average velocity <u,): i 


h 
T = 


stream <u,» 


thus predicting 


k - (72: oN 
»= {i 
m.h 


If the stream has width W, the interfacial area a per stream volume is 


Wil) 1 
W(1)(h) h 
Thus 
j 1/2 
ka = (*2: P (O’Connor-Dubbins) (8.87) 
T 


a form which has had reasonable success for describing reaeration of oxygen- 
deficient lakes and streams. Another treatment accounting for the variation of k, 
with position w in the eddy provides 


1/2 
k, = 146( Forms) | (8.88) 


* R. Higbie, Trans. AICHE, 35: 365 (1935). E 
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where u,,,, is the rms velocity in the eddy circulation. In general, it appears 
reasonable to take A and u,,,, proportional to mean stream depth and mean 
stream velocity, respectively: 


y x depth =A y x mean stream velocity = u,,,, 


with the same constant of proportionality y. 

The motion of waves at air-water interfaces is known to influence gas 
transfer strongly. Here, in contrast to the preceding treatments, the gas-flow pat- 
terns, e.g., average and turbulent velocity components of wind which drives ocean 
waves, are of major importance. However, the general topic is too complex for 
this text (see the references). 


8.7 OTHER FACTORS AFFECTING k,a’ 


From the definitions of k, and a’ and consideration of the factors responsible for 
the thickness of the mass-transfer resistance zone near bubble and droplet sur- 
faces, k, and a’ will be influenced by alteration of the values of liquid-phase solute 
diffusivity Go,. continuous-phase viscosity p,, and the gas-liquid interfacial 
resistance. The liquid “viscosity” may vary with shear rate; this non-Newtonian 
behavior is of sufficient importance to be discussed separately (Sec. 8.8). The 
remaining influences are summarized in this section. 


8.7.1 Estimation of Diffusivities 


The Wilke-Chang correlation is a useful means of estimating (usually to better 
than 10 to 15 percent) the diffusion coefficient of small molecules in low-molecu- 
lar-weight solvents: 


T(x,M)*? 
My lee 


2 =74 x 1078 cm?/s (8.89) 
where M = solute molecular weight 

V„ = molecular volume of solute at boiling point, cm?/g mol 

4 = liquid viscosity 


The parameter x, represents the association factor for the solvent of interest; 
some values for x, are 2.6 (H,O), 1.9 (methanol), 1.5 (ethanol), and 1.0 (benzene, 
ether, and heptane). 

The diffusion coefficient will vary with ionic strength (as does solubility, 
Table 8.1) and with concentration of solutes which change the solution viscosity. 
Provided that the solute-solvent interactions are not altered in the latter case, the 
relation 


G = O 
Ly Mey = Z ref He, ref 


provides a useful scale to correct for changes in solution viscosity from a refer- 
ence point, say that of pure water, with temperature held constant. 
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Table 8.4 Diffusion coefficients in microbial film 


D meas, CM?/S °, of H,O 
Biomass Reactor x 10° value 
SO l a a a O 
Bacterial slimes Rotating tube L5 70 7 
Submerged slide 0.04 2 
Zoogloea ramigera Fluidized reactor 0.21 8 


rt 


The diffusion coefficient in microbial a 
pure water (2.25 x 1075 cm?/s), as summari 
study examining other variables concluded 
waste-treatment microbial aggregates decreases from the pure H,O value in the 


range 20:1 to 5:1 with increased aggregate lifetime in the reactor and with in- 
creased C/N ratio of the entering wasted substrates. 


ggregates is usually less than that in 
zed in Table 8.4 for oxygen. A recent 
that the O, diffusion coefficient in 


8.7.2 Ionic Strength 


r 


The precise resolution of ionic-strength influence 


pears difficult. An examination of Newtonian flui 
result 


s into all pertinent factors ap- 
ds gives the physical-absorption 


P n F m an) 
K,a = 4| = | (= | (+ _~ 02 (8.90) 
l (7) P ( 96,113 
where V, = liquid volume 
P, = power input during aeration 
A = reactor cross section perpendicular to flow rate F f 


An empirical fit for A, n, and m vs. ionic st 


rength I( = 32 Z?c;, i= species, 
Z; = species charge) is possible: 


i= 189 28.71’ ,_ if O<1<0.40gion/L 
0.276 41 0.40 if I1>0.40g ion/L 
0.862/’ 
0.40 + ———_ ’=1<04 
aad ODT4 EE = 
0.90 I>0.4 
monotonic increasing 
m = 4 from 0.35 I=0 
to 0.39 I>04 


for Ka in s~!, P, in ft-lb,/min, V, in ft}, F, in ft?/s, A in ft?, and physical 
Properties in cgs units. 
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8.7.3 Surface-Active Agents 


As discussed in Chap. 2, many biochemicals are amphipathic, i.e., contain 
strongly hydrophobic and hydrophilic moieties which tend to concentrate at 
gas-liquid and liquid-liquid interfaces. In various phases of fermentations, cells 
secrete species such as polypeptides which may behave like surfactants, at times 
leading to foaming tendencies in aerated vessels. Addition of chemical antifoams 
also affects interfacial resistances to mass transfer, though typically in a manner 
opposing that of surfactants. 


Adsorption of surfactants at the phase interface is a spontaneous process, the 


interfacial free energy and thus the surface tension ø is reduced relative to the 
original value. From the correlations in Example 8.2 the values of Deane, and 
D, are expected to decrease, leading to higher values of the interfacial area per 
volume a’. 

This tendency for a’ to increase is countered by the effect of surfactant films 
on the mass-transfer coefficient k,. The adsorption of a macromolecular film 
results in a stagnant, rigid interface. The decreases in k, discussed below are 
thought to be due to either or both of two mechanisms: (1) the ease of liquid 
movement near the interface is reduced due to the decreased mobility of the 
interface; thus, the variety of mass-transfer theories based on estimating exchange 
rates of small fluid elements between the surface and the bulk will predict a 
decreased mass-transfer coefficient (see Refs. 3 and 4 for further discussion); 
(2) like the cell membrane itself, the molecular film is expected to contribute 
a resistance of its own, which may cause a departure from the presumed gas- 
liquid equilibration in the plane of the interface. 

Addition of 10ppm sodium lauryl sulfate (SLS) reduced k, for oxygen 
transfer by 56 percent versus pure water. A constant or plateau value of k, was 
observed at all higher surfactant concentrations. The surface area per volume a’ 
increased slowly throughout the range of SLS concentrations from 0 to 75 ppm, 
with a minimum of k,a’ at about 10 ppm surfactant. 

The product k,a’ has been observed to increase continuously with surfactant 
addition in a turbine aerator. Inspection of the data for the reported ratio of a’ 
(surfactant)/a’ (no surfactant) and the corresponding ratio for the product k,a’ 
shows that while a’ increased 400 percent for addition of 4.0 ppm sodium dodecyl 
sulfate, k,a’ increased only about 15 percent, implying a decrease of about 71 
percent in the value of k. : 

This reduction observed in both sets of data is in agreement with results of 
others. For a variety of sparingly soluble gases, the average plateau values of kı 
upon surfactant addition correspond to reductions of k, by a factor of 60 percent. 
The sodium dodecyl sulfate data of Benedek and Heideger [33] suggest that 
turbine-agitated aeration corresponds to the transition region between the two 
correlations presented earlier in Eqs. (8.35) and (8.36); a similar result appears to 
be the case for aeration with sieve trays (Danckwerts). This serves to warn the 
reader that such correlations are useful estimates but should be replaced by 
experimental values from more pertinent equipment when possible. 
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8.8 NON-NEWTONIAN FLUIDS 
For fluids, the ratio of shear stress T, to the velocit 


the viscosity y, (the subscript v distin 
tiveness factor y). Thus, 


y gradient du‘dy is defined as 
guishes the viscosity from the earlier effec- 


du 
t= —n, dy (8.91) 


A plot of t vs. du/dy for a Newtonian fluid is linear and passes through the 
origin. A variety of non-Newtonian behaviors has been observed in steady flows 
for liquid solutions of polymers and/or suspensions of dispersed solids or liquids; 


the features of the more common of these are summarized in Fig. 8.12, where 
shear rate } is used rather than du/dy. 


8.8.1 Models and Parameters for Non-Newtonian Fluids 


The dilatant, Newtonian, and pseudoplastic behaviors are examples of the gen- 
eral Ostwald-de Waele or power-law formulations for fluids 


ts = —Mol}|""') = —(apparent viscosity)(¥) = — 7,4 (8.92) 
> 1 > dilatant 
where n < = 1 > Newtonian 


< 1 > pseudoplastic 


Bingham plastic 


Tt mn a aa. 


Casson eq 


Dilatant 


Shear stress, T(N/m?2) 


e r, 


Newtonian 


Figure 8.12 Stress vs. shear-rate behavior 
of Newtonian and common non-Newton- 
ian fluid models. (Reprinted from J. A. 
Roels, J. van den Berg, and R. M. 
Voncken, “The Rheology of Mycelial 


_ Broths,” Biotech. Bioeng., vol. 16, p. 181, 
Shear rate, y (s7!) l 1974.) 


Pseudoplastic 
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Some systems appear not to produce a motion until some finite yield stress 
To has been applied. For Bingham plastic fluids, the form 
t, = To —Nolpl" $} where n= l, To Æ 0, T; > To (8.93) 


is useful. 
The last form with finite tọ and n less than unity would give a curve similar 
to the Casson equation, which is given by 


tł? = hl? — Kp?) (8.94) 


In the subsequent discussion of mass-transfer coefficients, power input, mix- 
ing, etc., we shall refer to various fermentation or other fluid systems of interest 
as being (apparently) pseudoplastic, Newtonian, etc., and indicate correlations 
between the fluid-model parameters and the former quantities of interest. The 
fluid descriptions in Fig. 8.12 refer to behavior in steady shear flows. Under 
unsteady-state conditions, such as follow a step change in the applied shear rate, 
time-dependent responses in apparent viscosity n, are often observed, thus de- 
manding a more structured fluid model (in the same sense as the Chap. 7 cell 
kinetics models) to describe transient situations. Such transient states may more 
accurately apply to turbine agitation and turbulent mixing in non-Newtonian 
systems. These more structured models are a relatively difficult and undeveloped 
area of mechanics; we simply insert the caveat here that our understanding of the 
factors responsible for non-Newtonian behavior and their description is weaker 
than the theories for the previous sections of this chapter. 

Non-Newtonian behavior may arise in at least two distinct cases: (1) sus- 
pensions of small particles and (2) solutions of macromolecules. It is apparent 
that the two cases become similar as molecular diameters increase above 50 to 
100 A or as particle diameters fall from the order of micron sizes. 


8.8.2 Suspensions 


Various theories predict that a dilute suspension of spheres should remain New- 
tonian, the effective viscosity 1, er of the suspensions being given by 


pice Bree E e (8.95) 

solvent 
where ġ is the volume fraction solids and b is of the order of 6 to 8. For a 
bacterial density as high as 10° cells per milliliter and a cell diameter of 3 x 
1074cm, the value of @ is about 5 x 1073: the effect of the cells is apparently 
negligible. Higher volume fractions occur in filtration operations such as de- 
watering (in product recovery from cell broths) and in fermentations producing 
the mold pellets or mycelia of previous discussions. 

At ‘higher volume fractions, solid suspensions may exhibit a yield stress; e.g- 
aqueous slurries of nuclear fuel particles with diameters in the micrometer range 
appear usefully modeled by the Bingham plastic model. Mycelial fermentations of 
Streptomyces griseus appear to follow a Bingham form except at very low shear 
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rates; this may be important in aeration. From Eq. (8.50) note that the maximum 
stress for a rising bubble is associated with the terminal rise velocity. Thus, in 
Bingham fluids, a sufficiently small bubble will not exert the yield stress on the 
surrounding fluid and it will remain fixed in the same fluid element for long 
times; i.e.. it would be expected to circulate in the vessel with the fluid rather than 
following the usually rising path of larger bubbles. 

The Casson equation has been fruitfully applied to descriptions of blood 
flow. Red blood cells form aggregates, the size of which diminishes with increas- 
ing shear forces. The apparent viscosity y, diminishes with increased shear. as 
seen from Fig. 8.12 for the Casson equation. In floc-forming fermentations. we 
may expect stirrer shear forces to control the average size of the microbial flocs; 
hence the Casson equation may be useful in some such fermentations. 

A study of rheology of penicillin broths vs: time over a large range of shear 
rates used a turbine impelier for viscometry studies rather than a rotating 
cylinder, the two cited advantages being (a) the stirring prevents phase separa- 
tion, which otherwise would affect the reliability of the measurement: without 
stirring a thin “cell-free” layer of liquid is formed at the wall of the cylinder, and 
(b) the shear rate of the impeller is a simple function of the impeller speed and is 
independent of the rheology of the liquid as has been shown previously [38, pp. 
188-189]. This research revealed that the Bingham and power-law models were 
inadequate to represent the results over the full range of shear rates investigated. 
A reasonable modification of the Casson equation was derived: 


2O 
(M,)!? = (Ma) (qe ny") (8.96) 


where M, is proportional to stress: M.,, = 64D?/2nK, N; is the impeller rotation 
rate (revolutions per second) and K is the ratio of shear rate to impeller speed 
(constant). The data agreed well with the above equation though a slightly better 
fit resulted if the second term on the right-hand side was modified to 


0.193(M,,)°75 + 0.1 
(M)? 


The importance of the result is threefold: (1) The rheological data were taken 
over a sufficient range of shear rates to discriminate between models which are 
similar over restricted shear-rate ranges. (2) The results showed that the power 
and Bingham laws were most inadequate at low shear rates; this range is likely to 
be important in determining tank-mixing uniformity; i.e., extrapolation of the 


(N;)'”? 


Bingham and power laws to this situation would lead to large errors (mixing 


problems in vessels are discussed in Chap. 9 in connection with fluid circulation- 
time and residence-time distributions). (3) The modified Casson equation was 
shown to predict a factor dependent on the mold morphology (shape) through the 
ratio of length to diameter of the filaments. This result (and other theories for 
nonspherical particles) provide an important potential connection between reac- 
tor-design calculations (analysis) and morphology (observation) since the latter 
subject has been examined for a range of species and conditions in the literature. 
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The power-law model appears to fit data for mold filaments over the higher 
range of shear rates. It also describes suspensions of paper pulp; 4 percent paper 
pulp in water suspensions have power-law parameters n = 0.575 and ny = 
0.418 lb, -s"/ft?. Investigations of oxygen transfer with pulp suspensions have 
been used to simulate some fermentation conditions: if the overall oxygen uptake 
is determined by mass-transfer limitations in high shear regions, this may be 
useful. The previous paragraph casts more doubt on such simulation studies 
where bulk mixing influences O, uptake by the microorganism(s). 

In continuous-flow systems with several reactors in series (Chap. 9), the tank 
number replaces time as an indication of population growth phase, and changes 
in rheology with tank number may be encountered. For example, two-stage culti- 
vation of Candida utilis [41] at large flow rates led to second-tank conditions 
such that the specific biomass growth rate became so much larger than specific 
rate of cell multiplication that an increase in average cell size occurred. A change 
of cell and aggregate morphology was also noted, indicating again a possible 
connection between morphology and rheology. 


8.8.3 Macromolecular Solutions 


A number of microbes secrete extracellular polysaccharides and related biopoly- 
meric derivatives. Examples include xanthan gum, polyalginic acid, and pullulan. 
The first is widely used in modifying viscosity of processed foods, in stabilizing 
suspensions, and as a major candidate for oil field recovery operations. These 
secreted biopolymers render the fermentation fluid non-Newtonian; the fluids are 
characteristically described by a simple power law behavior [Eq. (8.92)] where 
n < 1 (pseudoplastic). 

The time-varying biopolymer concentration in a batch fermentation gives 
rise to time-varying fluid and hence transport properties (mass and heat transfer). 
As correlations for transport coefficients in non-Newtonian fluids are typically 
expressed in terms of the power law parameters, n and no, we seek a relation 
between biopolymer concentration and rheological parameters. 

For xanthan gum, the polymer concentration, [P], and the power law 
parameter, np, are related by a correlation of the form 


No = A-[P]” (8.97) 


where B ~ 2.5. 

For a number of microbial exobiopolymers, the time-varying power law ex- 
ponent n and consistency yy do not vary independently in a fermentation but are 
related by a correlation of the form 


In no(t) = C + D-n(t) (8.98) 


With [P(t)] available from a biological kinetic model, Eqs. (8.97) and (8.98) 
provide a simple description of the time evolution of n(t) and no [P(t)]. These 
values can then be used to predict heat and mass transfer coefficients, as well as 
mixing and power consumption characteristics [39, 40]. 
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8.8.4 Power Consumption and Mass Transfer in 
Non-Newtonian Fermentations 


An instantaneous impeller Reynolds number Re; may be defined according to 


Calderbank [11]: | 
ae D? N? "p n V 
ahs i oe 
T OIK, \6n+ J (922) 


where K,, the consistency index. equals the shear stress t at a shear rate of 1 s71}. 

For the nonaerated non-Newtonian broths of Endomyces, the power number 
(Eq. (8.78)] was correlated with the Reynolds number Re; as shown in Fig. 8.13. 
The curves plotted there can be represented by the relationship 


D.\?/W\t 
Pao = Kreo) o (8.100) 
T T 


where D; = impeller diameter 
D, = tank diameter 
W = impeller width 


and k, y, and z depend on the range of Re;: 


Re; 


<10 10-50 >50 


k 32 11 9 

x —0.9 —0.4 —0.05 
y —1.7 —1.7 a Ey, 
z 0.4 0.5 0.9 


The similarity of Fig. 8.13 to Rushton’s data and the pipe friction factor in Fig. 
8.8a, b is clear. 


In aeration studies by the same group, the correlation of Michel and Miller 
(used earlier for Newtonian fluids) fitted the results in the turbulent regime 


(Re; > 50): 
P?N.D? 0.45 
P, x ( 5) (8.101) 


0.56 
F; 


The laminar and second regimes (Re; < 50) appear reasonably approximated by 


use of a smaller exponent: 
P?N.D? 0.27 
P, < ( : ‘) (8.102) 


0.56 
F; 


The two curves meet at a value of P?N;D}/F%56 = 2 x 10~?, and slightly differ- 
ent proportionality coefficients result for the different impellers used. 


Figure 8.13 Power number vs. impeller Reynolds number, Re; (see text) for three different impellers in 
nonaerated systems. (Reprinted from H. Taguchi and S. Miyamoto, “ Power Requirements in Non- 
Newtonian Fermentation Broth.” Biotech. Bioeng., vol. 8, p. 43, 1966.) 


The dilution of mycelial cultures by small volume percents of water (10 to 25 
percent) produces marked changes in k, and power-number parameters. The im- 
plications for power-input variations with dilution rate in continuous culture 
may be significant. 

The influence of the microbial population depends on the physical situation 
which applies (floating single cells, cell aggregates, cells localized near particle or 
bubble surface, etc.) and the influence of the microbial particles on the fluid 
properties. The value of k,a has been observed to diminish 90 percent as the 
concentration of mycelial Aspergillus niger increased from 0.02 to 2.5 percent. 
Enhancement of O, mass transfer is observed in the presence of suspensions of 
Candida intermedia, Pseudomonas ovalis, or 0.3-um alumina particles. Not only 
do cells and alumina give similar results, but through use of oxidative phosphor- 
ylation (Chap. 5) inhibitors, it is established that the enhancements are typically 
40 percent vs. water and are independent of cell viability. It has been recently 
shown that the effect of the particles is to alter the hydrodynamics near the 
gas-liquid interface in such a way as to decrease the mass transfer resistance of 
the adhering fluid film near the bubble [44]. 


At the high shear rates needed to mix phases and promote mass transfer, diminutions in mi- 
crobial activity have frequently been observed. For example, the viability of a relatively large cell, the 
protozoon Tetrahymena, began to be seriously altered by disruption at shear rates > 1200 s7}. In 
these experiments the maximum shear rate characterized by the impeller tip speed appeared to be 4 
more important variable than the turbulent Reynolds number or power input per unit volume. 

The impeller can have other effects: the size of the extant microbial aggregates may be reduced, 
as mentioned earlier. Taguchi and Yoshida‘ divided the experimentally observed reduction of my% 


Fhe. + 


; . | : 
H. Taguchi and T. Yoshida, J. Ferment. Technol., 46:814, 1968. 
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lial pellet size into two phenomena: (1) chipping small pellicules off the larger pellet and (2) directly 
rupturing the spherical shape of the pellet. The time evolution of particle diameter D due to the first 
process appeared to be governed by 


dD a Does 
q T TRAN DSSS | (8.103) 


while the second process could be described as a first-order decay 


TKN, (8.104) 


where N, is the number of nondisrupted pellets remaining. The rate coefficient k, was correlated with 
D. N;, and D; to give 


k, = +(const)(D>?NÉ65p872) (8.105) 


Assuming that the turbulent Reynolds stress rather than the viscous stress is responsible for pellet 
rupture and that the pellet resistance depends directly on the measurable tensile strengths of the 
pellets, Taguchi et al. argue that the last equation may have some theoretical basis. 


Regarding the oxygen transfer rate in paper-pulp suspensions, impeller and tank geometry were 
found to be important, in agreement with the earlier results of Taguchi and Miyamoto [42] for 
aerated and nonaerated Endomyces suspensions. In 1.6 percent pulp suspensions, the product k,a was 


described by 
ka Dih 1.437 ere D; 1.021 
ae mef aw) (N,o7) cs (8.106) 


T 


where £ = characteristic mixing time of vessel 
h = liquid height 
W = impeller width 


and D;, Dy, and L are as before. 


In summary, a number of factors including bubble and cell dimensions, fluid 
properties and rheology, agitator and tank geometry, and power input determine 
mass-transfer coefficients and surface area per unit volume. The combination of 
these estimates with cell kinetics of the previous chapter and notions of mixing 
and macroscopic reactor configurations of Chap. 9 is important in assembling a 
complete reactor design. This state of knowledge is obviously wishful; the previ- 
ous relations in this section are but the beginning of work needed to design 
confidently such reactors from first principles. As a closing example of some of 
the complexities yet to be unraveled, we note the time changes of the relations 
between bubbles, particulate substrate, and cells that accompany the fermenta- 
tion of Candida petrophilum on n-hexadecane, as shown in Fig. 8.14. The descrip- 
tion of this gas-liquid-liquid-cell system by the authors? is illuminating: 


During the first period of fermentation, oil droplets are relatively large and cells attach to oil 
droplets rather than to air bubbles. Air bubbles are unstable and easily renewed. The k,a value 
can be kept at the maximum level associated with the fermentor. During the second phase, oil 


t A. Mimura, I. Takeda, and R. Wakasa, “Some Characteristic Phenomena of Oxygen Transfer in 
Hydrocarbon F ermentation,” Biotechnol. Bioeng. S ymp. 4p. 1, p. 467, 1973. 
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droplets become smaller and cells are adsorbed onto the surface of the oil droplets, forming 
dense flocs. The flocs tend to attach to the surface of the air bubbles, but they can be easily 
separated with agitation. 

The k,a value is decreased continuously as fermentation proceeds. The third phase is the 
last half period of the logarithmic growth phase, in which yeast is growing rapidly, although we 
cannot observe any oil droplets microscopically in the culture liquid. At this point the k,a value 
reaches its minimum throughout the fermentation.... [Air] bubbles are covered with yeast cells, 
and the bubbles come together with cells as an intermedium. They are very stable and float on 
the surface of the culture liquid. n-Paraffin is completely exhausted in the fourth phase. The cells 
are dispersed uniformly throughout the culture liquid. In this period the nature of the culture 
liquid may be similar to that in a carbohydrate fermentation, and k,a recovers its initial levels. 


An analytical model including a few of the features of this fermentation type is 
considered in Chap. 9 (Example 9.2). 


8.9 SCALING OF MASS-TRANSFER EQUIPMENT 


As discussed by Oldshue,' the various quantities which may influence the 
product k,a in an agitated industrial reactor do not scale in the same way with 
reactor size or impeller rate. 


1. The turbulent Reynolds number Re, determines u,,,, and thus bubble mass- 
transfer coefficients k, 
D D /D PN}? 
Re, = Pam g BE F 7) (8.107) 
H 


2. The impeller tip velocity nN;D; determines the maximum shear rate ), which 
in turn influences both maximum stable bubble or microbial floc size (Sec. 
8.3) and damage to viable cells (Sec. 8.8.4). 

3. The power input per unit volume P/V through Re, determines mass-transfer 
coefficients and particulate sizes. In laminar and transition regimes of 
aerators 


P œ N?D? from Fig. 8.8b 
For turbulent regimes, the power number is constant; thus 
P œ N?}D? 
Then taking V,eactor to scale with D? gives 


yo 


P N? laminar, transition aeration 
N?D? turbulent aeration 


tJ. Oldshue, Biotech. Bioeng., 8:3, 1966. 
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asily Figure 8.14 Different relationships among air bubbles 
(B), n-hexadecane droplets (O), and yeast cells (C) at 
sithe different stages of batch culture of the yeast Candida 
we 2 petrophilum (1 = log phase, 2 = first half of exponential 
salde i phase, 3 = second half of exponential phase. 4 = after 
cells, > $ . n-hexadecane exhaustion). / Reprinted from A. Mimuro, 
wen E I. Takeda, and R. Wakasa, “Some Characteristic Phe- 
> celis $ ° ° nomera of Oxygen Transfer in Hydrocarbon Fermen- 
ture $5 a es tation,” in B. Sikyta. A. Prokop, and M. Novak (eds. ). 
vels, Adv. Microbial. Eng., part 7, p. 467, Wiley- Interscience, 
3 4 New York, 1973.: 
pe iS š 
4. The power input during aeration is 
PAN Dye 44 0.45 
P: = m kaa (8.100) 
a 
Thus, 
se the Papl Te OND (8.109) 
y with V y2-22 Nee . 
which will determine the motor size needed during fermentation. 
RA 5. If the vessel liquid is well mixed internally, a characteristic circulation time 
7m exists. The liquid recirculation flow rate F, through the impeller region varies 
as a cross-sectional area nD? and tank average impeller velocity varies as 
N,D,. Thus 
(8.107) 
F N,D3 i 
ee <- =N,  time™! 
j, which Mi 
ize (Sec. a quantity of importance since it is inversely proportional to the time that 
fluid may spend away from the homogenizing influence of the impeller. 
-transfer 
simes of Given all these different quantities which can influence the process and which 


have different dependencies on agitation parameters, which one(s) should be used 
as the basis for scale-up? Here by “basis for scale-up” we mean the quantity 
which, by choice of Operating conditions in the larger unit, will be maintained at 
the same value as in the smaller scale unit. For example, if we scale-up on the 


basis of constant Power per unit volume, for mechanical agitators in the turbu- 
lent regime this means 


NÌ D, = NÌ, D}, (8.110) 


and large scale vessel, respectively. 
maintaining constant power input 
| per unit volume (around l hp per 100 gal) plus vessel geometric similarity were 
used. As indicated in Fig. 8.15a this gives very similar yields of penicillin for 
| vessels from 5 liters to 200 gallons. However, from the curves in Fig. 8.15a, we see 
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10,000 gal 


Original 
design 
region 


Yield of penicillin, units/mL 


0 1.0 2.0 
hp/100 gal 


i l 
oo C 
2 I 
_3 
ra) 
£ v 
Ea? 5 c 
Š Symbol Condition y 

@ V= 7.6 L, Wisconsin type agitator 
O V= 76L, Mixco flat blade agitator 
1 Aa V= 420L, Mixco flat blade agitator 
o V= 22.7 m? Mixco flat blade agitator 
+ V= 45.5 m? Mixco flat blade agitator 
0 T 
0 1 2 3 4 5 6 7 8 sc 
k, a'p (g mol O;/mL/h) x 104 = 
Figure 8.15 (a) Penicillin yields vs. power input in various sized vessels (After E. Gaden, Sci. Rep. [st 
Super. Sanita, vol. 1, p. 61, 1961). (b) Vitamin B,, yield (ug/g) vs. mass-transfer group (k,ap) (see text) Pr 
(After W. H. Bartholomew, Adv. Appl. Microbiology, vol. 2, p. 289, 1960). 5 
that, at different P/V values, there are significant differences in yield at different N; 
i D; 
scales. i F 
Another frequently applied basis for scale-up is constant volumetric transfer | F. 
. . . . . -. . k u 
coefficient k,a. Fig. 8.15b shows vitamin B,, yields from bacterial fermentations; Nil 
at different scales versus corresponding values of (k,ap). The total pressure 3s | Re 


included here to correct for the greater driving force for oxygen transfer at higher 
pressures which are encountered in large-scale bioreactors., The correlation be- 
tween yield and k,ap is good, although data for the benchtop unit lie generally 
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below those for fermentation in larger vessels. Notice also that. in contrast to 
earlier discussions emphasizing oxygen transport limits on growth and the need 
for large k,a values, these data show a distinct maximum with respect to k,ap. 
This probably occurs because at the same k,a value. other mixing and flow 
characteristics such as maximum shear rate or circulation time are generally not 
the same in vessels of different scale. 

Therefore, if we scale up on one basis, we must be aware that other mixing 
and flow properties are different. This point is dramatically illustrated in an 
example of Oldshue’ which considers scale-up from an 80L to a 10,000 L agi- 
tated bioreactor. Here, D; increases fivefold and V increases by a factor of 125. 
The 1.0 in each column of Table 8.5 indicates the property which is kept the same 
in the large tank as in the small tank. Values for each property have been norma- 
lized by the values for the 80-L tank, so the “small-scale” column shows all 1.0s. 
For example, scale-up based on constant P/V will increase the maximum shear 
rate by 70 percent (N;D; = 1.7) and increase the circulation time about threefold. 
On the other hand, scale-up based on circulation time (that is, F/V) requires 
3125 times more power in the large tank! 

The different dependencies of important transport properties on agitator de- 
sign makes scale-up of agitated vessels something of an art. We must try to select 
as a scale-up basis the transport property most critical to the performance of the 
bioprocess. This is not easy given the potentially sensitive and diverse responses 
of cells to each of the transport phenomena influenced by the mixer size and 
rotation speed. 

The total oxygen consumption rate of the vessel is found by combining k,a 
with an appropriate macroscopic description of the vessel. If the bulk liquid 
composition is uniform and the bubbles are uniformly dispersed throughout the 
vessel, the mass-transfer rate is simply 


Vk,a(c* — c,4). = Oxygen consumption rate, mol O,,s (8.111) 


Table 8.5 Relationship betwcen properties for 


scale-up’ 

a a A a a a 
Small 

Property scale, 80 L Large scale. 10* L 

P 1.0 125 3125 25 0.2 

Py 1.0 1.0 25 0.2 0.0016 

N, 1.0 0.34 1.0 0.2 0.04 

D; 1.0 5.0 5.0 5.0 5.0 

F, 1.0 42.5 125 25 5.0 T 

FyV 1.0 0.34 1.0 0.2 0.04 $ 

ND; 1.0 1.7 5.0 1.0- 0.2 

Re; 1.0 8.5 25 5.0 1.0 


Tei es a‘ DRs 
tS. Y. Oldshue: Fermentation Mixing Scale-up Techniques, 
Biotech. Bioeng., 8: 3, 1966. = 
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where subscript e refers to gas exit compositions (a consequence of the perfect 
mixing assumption is that exit-stream compositions equal reactor compositions, 
Chap. 9). 

When the bubbles rise in plug flow through the vessel but the impeller stil 
maintains perfect mixing in the liquid phase, c* varies with position. Over a 
differential reactor height dz, the instantaneous loss of oxygen from the bubble is 


dpo 1 gas vol 7 differential conc. rate of 
HA dz —? — s > : 8.11 
7 dt RT reactor vol Gee seni) rte in ey (8:112) 
which equals 
—k,a(c¥ — c,)A dz (8.113) 


the mass transfer rate into the liquid. Since Po, = Mcf (M is Henry’s law con- 


stant), we have 


H dpo, HM dc 
S O R = 8.114 
RT dt RT dt kale — cy) (9110) 


For constant bubble-rise velocity u,, dt = dz/u,, and the z variation of c* is 
seen to be 


(că — c,)z _ —k,aRT z (8.115) 
(ch — Cy)intet HM U, l 


or 


k,aRTz 
(cf ii Cy). = (cf aa Ch)iniet exr( ~ HMu, ) (8.116) 


The overall mass-transfer rate in the volume Ah is therefore 


z - HMu —kaRTh 
j k,a(ch— c,)(2)A dz = T 2(c¥ — cit — en] (8.117) 


T 


The interaction of mixing, fermentation kinetics, and mass transfer is considered 
in the remaining text chapters. 


8.10 HEAT TRANSFER 


In biological reactors, heat may be added or removed from a microbial fluid for 
the following reasons: 


1. It 1s desired to sterilize a liquid reactor feed by heating in a batch or contin- 
uous-flow vessel. Thus, the temperature desired must be high enough to kil 
essentially all organisms in the total holding time (Sec. 9.9.4). 

2. If the heat generated in substrate conversion is inadequate to maintain the 
desired temperature level, heat must be added. F or example, the reactor 1S an 
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anaerobic sewage-sludge digestor which o 


perates best between, say, 55 and 
60°C (Sec. 14.4.7). 


3. The conversion of substrate generates excess heat with respect to optimal 
reactor conditions for, e.g., maintenance of viable cells, so heat must be re- 
moved, as in most microbial fermentation processes. 

4. 


The water content of a cell sludge is to be reduced by drying. 


The first three relate to cell viability and metabolism and will therefore be of 
concern here. The last example is a unit operation, drying, which is covered in 
most texts on engineering unit operations. 

The heat is transferred between the bioprocess fluid to or from a second fluid 
in several ways, i.e., with externally jacketed vessels, coils inserted in a larger 
vessel, flow through a heat exchanger, or by evaporation or condensation of 
water and other volatile components of the cell-containing fluid. Examples of 
such configurations are shown in Fig. 8.16. Temperature fluctuations between 
atmosphere and thermally stratified lakes and land also clearly involve heat 
transfer, the resulting temperatures determining the habitable niches for species. 
The present section focuses on heat transfer in process reactors. 

Assuming that transfer rates and changes in other forms of energy are neg- 
ligible, the fundamental steady-state equation in heat transfer relates the total 


Outlet | | Inlet 


Coolant 
fluid 


<—In 


—> Out 


(a) Jacketed vessel 


(c) Circulation through heat exchanger 


Atmosphere 
} 
| l H aN 
Condensation 22222 Ht T 
EEEN YW. Sp A 
K H es 
e <E (Day. or (Night. or 
Evaporation summer) winter} 


Underground 


(d) Phase change (trickle reactors) (e) Natural temperature oscillations (daily. annual) 


Figure 8.16 Examples of heat-transfer configurations: (a) jacketed vessel, (b) internal coils, (c) heat 
exchanger, (d) phase change of mass, and (e) natural temperature oscillations. 
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rate at which heat is generated to its rate or removal through some heat-transfer 
surface; thus 


Net generation rate = removal rate = hA AT (8.118) 


where AT = characteristic temperature difference between bioprocess and cooling 
or heating fluid 
A = heat-transfer surface area 
h = overall heat-transfer coefficient 


As with mass transfer, most of the resistance to heat transfer resides in a 
relatively quiescent thin fluid near the solid heating-cooling boundary, the bulk 
fluid being frequently well mixed and thus approximately isothermal. Our main 
concerns in this chapter are development of an overall energy balance and review 
of useful predictive formulas for h for various heater-cooler-sterilizer systems of 
interest. Methods for estimation of the heat load accompanying microbial growth 
have already been considered in Chap. 5. 

The heat-transfer coefficients (Table 8.6) for boiling water and condensing 
vapors (steam, typically) make such fluids convenient in sterilization “reactors” 
(Sec. 9.9.4). Where lower temperatures are needed, as in heated anaerobic sludge 
digestors, a nonboiling water stream is useful. Viscous liquids exhibit greater 
heat-transfer resistances than water; as with mass transfer, this is due to lesser 
degree of bulk-fluid interchange with wall fluid and also to reduced thermal 
conductivity (analogous to Bo,). 

Inspection of Fig. 8.16 reveals several design problems associated with heat 
transfer in biochemical reactors. The externally jacketed system has a heat- 
transfer area A which varies as the tank diameter (say impeller diameter) D?. The 
volumetric heating or cooling demand of a reactor scales as D? if the overall 


Table 86 General magnitude of heat- 
transfer coefficient ht 


eee 


h, keal/(m?-h- °C)? 


Free convection: 


Gases 3-20 

Liquids 100-600 

Boiling water 1000- 20,000 
Forced convection: 

Gases 10-100 

Viscous liquids 50-500 

Water 500- 10,000 
Condensing vapors: 1000- 100,000 
eee 


t Data from H. Gröber, S. Erk, and U. Grigull, 
Wärmeübertragung, 3d ed., p. 158, Springer-Verlag: 
Berlin, 1955. 

* Multiplication by 0.204 gives h in units of ioe 
Btu/(ft? -h °F). 
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microbial reaction rates and power input per unit volume are unchanged. Thus, 
jacketed vessels, sufficient in rendering laboratory reactors isothermal, must fre- 
quently be replaced by reactors with internal or external coils in heating, e.g., 
anaerobic sludge digestion, or cooling (e.g., hydrocarbon fermentation for single- 
cell protein production) of large-scale reactors. 

The. presence of such internal piping clearly alters mixing patterns, fluid 


discussed in the text and problems of Chap. 9). For example, the correlations 
in Sec. 8.10.1 indicate that the heat-transfer coefficient A[Btu/(ft?-h) or 
kcal/(m*-h)] changes as we shift configurations from a single cooling coil per- 
pendicular to fluid flow to a set of staggered rows of coils in a tube coil perpendi- 
cular to the fluid-flow direction. Thus, the presence of the first row of coils alters 
the flow pattern past subsequent tube rows. 

In very large scale systems with large heat loads, such as bacterial growth on 
methanol in a 1500 m3 reactor, internal coils become inadequate for cooling. 
Then, circulation through an external heat exchanger, or through an exchanger 
integral to a loop vessel configuration, is necessary. Here is an example where 
cooling loads, in concert with other considerations such as required power input 
for aeration and mixing, dictate a need for bioreactor designs substantially differ- 
ent from traditional agitated tank configurations. Several alternative vessel, con- 
tacting, and mixing configurations are summarized in Chap. 9. 

Heat generation and removal rates are known with sufficient accuracy for 
some detailed heat-balance considerations to be possible, provided we clearly 


‘understand the basis on which such calculations are made and take appropriate 


precautions in terms of overdesign to allow for some uncertainty. The following 
section discusses the estimation of the heat-transfer demand (analogous to an 
oxygen demand); the subsequent sections discuss the conductance h. 

Determination of the process heat transfer requirements begins with con- 
sideration of an overall energy balance. In a constant pressure system with neg- 
ligible changes in potential and kinetic energies, the energy balance can be cast in 
terms of enthalpy changes, i.e., the heats of chemical transformation or phase 
transformation (e.g., evaporation, condensation), the sensible-heat flow in mass 
streams, and the heat transfer to or from second fluids acting as heating or 
cooling devices. Let 


Q net = heat-generation rate from cell growth and maintenance 
Qas = heat-generation rate due to reactor mechanical agitation 
Qa; = heat-generation rate from aeration Power input 
Qcc = heat-accumulation rate 

Q..ch = heat-transfer rate to surroundings or exchanger 

Qevap = rate of heat loss by evaporation 
Qen = rate of sensible-ethalpy gain of streams (exit — entrance) 
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Then 
Q met + Qag + Q gas = Qacc + Qexch + Osan + Osen (8.119) 


Cooney, Wang, and Mateles [52] have utilized such a balance to calculate Q,.., 
from measurement of Q, through monitoring the initial transient temperature 
rise of a nearly isolated fermentor. Under such an experiment, Q,,,, and Q,., are 
quite small, and Q,,.,, represents an important term compared with the difference 
of the larger individual rates Q sc — Qag. AS just mentioned, Q,,, was monitored 
calorimetrically, while Q,, was calculated at each gas flow and impeller rate from 
the correlation of Michel and Miller (Eq. (8.81)]. 

In a fermentor design, Q,.. = 0 for a steady-state system [although tempera- 
ture programming a batch reactor for optimal product yields (Sec. 10.7) may 
provide an additional complication]. Q,, is estimated for ungassed or gassed 
systems using the appropriate power correlation presented earlier. 

Neglecting Q.,,, (which may be an important mechanism in trickle reactors) 
_ and Qen for the moment, the important remaining quantity is Q,,.,. Methods for 
estimating or measuring Q me were presented in Chap. 5. In design of larger-scale 
reactors, the choice of an operating temperature and flow conditions will deter- 
mine Q,,,, and Q,.,, as the choice of agitator speed and diameter will determine 
Qag (corrected for the chosen aeration rate). Sparger design and gas flow rate will 
determine Q,,,. The remaining terms are Q,,, and Q.,.,. Whether or not the 
reactor is operated isothermally, at each instant 


Oesch F Q met + Qag t Qas — Qacc a (Q Seat Q evap) (8.120) 


Heater Generation Accumulation Removal by other 
or cooler than a solid heat 
duty exchange surface 


This last equation sets the heat-transfer magnitude needed to maintain the de- 
sired temperature and rate of heat accumulation, if any. 

We can use Eq. (7.35a) to represent the instantaneous mass-generation rate 
per unit volume in a batch reactor 


i (7.35a) 


and the corresponding instantaneous microbial heat-generation rate Q,,., (heat/ 
time) is evidently given by 


1 `y 
Q met F Vcactor HX w (8.121 
Y, 


where Y, is the heat generation coefficient (g cell/kcal) considered in Sec. 5104 
Methods for estimating Y, are presented there as are illustrative data showm$ 
greater metabolic heat generation for utilization of-more reduced substrates 
(Table 5.12). 


Steac 


From Ẹ 
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Table 8.7 Effect of substrate and yield coefficients on operating costs of 
fermentation 

19) E E, 
Cost, cents per pound of cells. 

Jei 

ture Substrate : Substrate O, transfer Heat removal Total 

are Maleate (as waste) 0 0.46 0.75 1.2 

once Glucose equivalents (molasses) 3.9 0.23 0.54 47 

sred Paraffins 4.0 0.97 1.4 6.4 

rom Methanol 5.0 1.2 1.9 8.1 

Methane 1.6 3.3 3.7 8.6 
Ethanol 8.8 0.75 1.3 11.0 

era- Isopropanol 11.6 2.7 3.1 17.4 

may Acetate 16.7 0.62 L1 18.4 

issed 

'B. J. Abbott and A. Clamen, The Relationship of Substrate, Growth Rate, and 

tors) Maintenance Coefficient to Singie Cell Protein Production, Biotech. Bioeng., 15: 117, 

1973. 

ls for 

scale The corresponding equation for a continuous-flow isothermal reaction at 

leter- steady state is 

‘mine : 

e will Ya Omet = V eactor 4X = (So = s) Ys F i xk, (8.122) 

t the xke ae 

Qmer = (So =s s)Y xs D =F d [Ya (8.123) 
Vaits Vecsey Í 
8.120) Recall that, as before, Yy s may depend on the culture age in a batch reactor 
and upon dilution rate D in a continuous-flow system. The dependence of Yess 
(and thus Y,) on a cell maintenance appears in Eq. (7.26). 
Some economic estimates from Abbott and Clamen [43] as of 1973 indicate 
he de- that both heat-transfer and mass-transfer (oxygen) operating costs of bacterial 
: cell production from the substrates in Table 8.7 are appreciable fractions of total 
m rate costs 
8.10.1 Heat-Transfer Correlations 
7.352) From Eq. (8.1 18) and the overall heat balance [Eq. (8.1 19)] for heating, cooling, 
(7. or sterilizing, the general working equation for heat-transfer design is 
(heat/ Qexch = HA AT (8.118a) 
t 
An expression for the overall heat-transfer coefficient h, analogous to the earlier 
Overall coefficient K, for gas-liquid mass transfer, is required. For steady-state 
(8.121) heat transfer through a flat wall of thickness L, separating the fermentation fluid 
at Tha. 1 from heating or cooling fluid at Tou, 2 Continuity of heat flux demands 
T, H1 ~ Ta N, 2 

i 5.10.4. EE A ~ Tyan, 1) = e z L = 

showing : w 

bstrates 


= hua(Tuan,2 — Tourz)  kcal/(cmè-h) (8.124) 
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where k, is the thermal conductivity of the wall in kilocalories per centimeter per 
second per Celsius degree. In terms of an overall heat-transfer coefficient h, de- 
fined by 


heat flux = h(Thun.1 — Tourx.2) | (8.125) 


rearrangement of the previous equations yields: 


1 1 1 1 
== ++ lanar wall 8.126 
In clear analogy with our mass-transfer discussions, the overall resistance 1/h is 
the sum of three resistances in series. For heat transfer across a cylindrical-tube 
wall in heating or cooling coils, the cross-sectional area for heat transfer changes 
continuously through the wall. In this instance the appropriate equation for h is 
1 1 In (d,/d;) 1 


hae! ha (tube wall) (8.127) 


o 


wil 


where d, and d, are the tube inside and outside diameters, respectively. Note the 
use of subscript o for h, since it reminds us to use the outside tube surface as the 
basis for a heat-transfer area. The thermal conductivity k, of the solid depends on 
the material; e.g., at 100°C, k, = 0.908 cal/(s-cm-K) (copper) and 0.107 cal/ 
(s-cm-K) (steel): k, increases slowly with diminishing temperature. Appropriate 
values for different heat exchanger materials are found in standard engineering 
handbooks. 

The analysis of momentum and heat transfer at either fluid-solid interface 
gives the individual-side heat-exchange coefficients (h,,, hw2) or (he, h;) in Eq. 
(8.126) and (8.127). Where such individual coefficients vary along the heat- 
transfer surface; an overall local heat-transfer coefficient is defined by equations 
such as (8.126) and (8.127), and a detailed integration over the heat-transfer area 
is needed to calculate the total heat transferred. 

For fluid-wall heat transfer, the important dimensionless groups are the 
following: 


hd 
Nusselt number = Nu = X. (8.128a) 
S 
C,H 
Prandtl number = Pr = Te (8.128b) 
f 
pu? 
Brinkman number = Br = ) (8.128c) 
k hae Twan) 
u? 
Froude number = Fr = --- (8.1284) 
gd 
and Reynolds number = Re = pe (8.1282) 
u : 


an m 


\LS 


Jer 
de- 


25) 


126) 


jh is 
tube 
nges 

h is 


1.127) 


te the 
as the 
ids on 
7 cal/ 
priate 
eering 


terface 
in Eq. 
> heat- 
vations 
ier area 


are the 


(8.1284) 


(8.1285) 
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where k, = thermal conductivity of fluid. cal/(s-cm-°C) 
C, = heat capacity, cal:(g- `C) 
d = distance (tube diameter or spacing. cm) 
4 = viscosity (poise) 
u = velocity (cm/s) 
g = gravitational constant (g-cm,/s*) 


II 


As discussed elsewhere [5], the Brinkman number represents heat production by 
viscous dissipation divided by heat transport by conduction and may usually be 
neglected at the heat-exchanger surface for our purposes. (In the impeller-tip 
vicinity, this number becomes important.) Similarly. in a baffled vessel or one 
with an off-center stirrer, the Froude number is usually negligible. 


The heat-transfer coefficient h, rendered dimensionless as Nu. is a function of 
Pr and Re: 


Nu = f(Pr, Re) (8.129a) 


As hydrodynamics may vary with the aspect of the exchange surface. i.e., the 
length L to diameter d ratio, L/d, correlations are also available in the form 


L 
Nu = (Pe Re, A (8.129b) 
Temperature variations induce variations of fluid properties at different points 


near the heat-transfer surface. As liquid viscosity is the most important of these, 
the ratio 


Hello = viscosity (Tour fiuia)/viscosity( Tyan) 


is a useful correlating variable: 


Nu=f (Pr Re, = a (8.129c) 
d Ho 
As h (and therefore Nu) may be defined as a local transfer coefficient or as 
one which has been averaged over the surface in several possible ways, care must 
be taken to use the appropriate AT,,. or AT,, with Nu,,, or Nu,, from literature 
correlations. 


For fluids of viscosity near that of water, a useful correlation in turbulent 
flow (heating or cooling) ist 


hd 
Nu = m 0.023 Re°-8Pr°-4 (8.130) 


' W. H. McAdams, Heat Transmission, 3d ed., p. 152. McGraw-Hill Book Company, New York, 
1954, eee 
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which appears valid when 


10* < Re < 1.2 x 10° turbulent 


0.7 < Pr < 120 valid for all liquids except molten metals 
F > 60 long tubes 


A modification due to Seider and Tate incorporates an allowance for larger 
temperature differences; it appears useful for estimating heat transfer with viscous 
fluids (such as oils): 


hd 0.14 
Nu = £ = 0.027 wa] (8.131) 
k Ho 


When natural convection is also important due to the presence of nonuniform 
fluid density, the Grashof number 


d?g A 
Ga (8.132) 
u 
appears in the correlation? for the liquid flowing in horizontal tubes: 
d d 0.757 1/3 u 0.14 
Nu = LI] [Pr Re + ooi Gr Pr) l (2) (8.133) 
L L Ho 
(For vertical tubes, the viscosity ratio is replaced by 1.0 and the constant 0.04 by 


0.0722.) 
When the fluid is known to be non-Newtonian, the forms change. Two 
equations’ which have been used for pseudoplastic fluids (Sec. 8.8) are 


1/3 0.14 
Nie £ = 2o Re Pr) Ea i EN ") | (8.134a) 


L n,(wall) 4 2 


1/3 1/3 
or Nu = na = 1.75 2 Re Pr = (8.134b) 
k L 4n 


where y, is the apparent viscosity (Eq. 8.92) evaluated at the bulk fluid or wall 
temperature. Note that for a Newtonian fluid (n = 1) without large bulk-wall 
temperature differences, Eq. (8.134b) reduces to Eq. (8.133). The viscosity varia- 
tions with temperature, however, are explicitly represented in Eq. (8.134a) in the 
same form as Eq. (8.133). 

A wide variety of reactor heat-transfer surface and flow configurations aré 
possible. Some correlations for several of these are given in Example 8.3; others 


r : l 
F. E. N. Seider and G. E. Tate, “Heat Transfer and Pressure Drop of Liquids in Tubes,” Ind. 
Eng. Chem., 28:1429, 1936. 


i sae 

, R C Martinelli and v- Me Boslter, AIChE Mig. 1942 (cited in McAdams, op. cit.) 

S. E. Charm and E. /. Merrill, “Heat Transfer Coefficients ini Straight Tubes for Pseudoplaste 
Food Materials in Streamline Flow,” Food Res. 24-319. 1959. 
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can be found in standard heat-transfer texts and in Chap. 3 of Charm (ref. 30 
of Chap. 9). Some example calculations for heat-transfer coefficients and heat- 
exchanger duties are considered in the problem section. Microbial fluids occa- 
sionally deposit a residue on the heater surface leading to fouling (time-varying 
wall heat-transfer coefficient) and a decrease in h for the fluid-side. 


Example 8.3 Heat transfer correlations 


Natural convection from vertical plane or cylinder :* 


Nu = Ha c(Gr Pr)? (8E3.1) 


where Lis the plate length or cylinder diameter, all parameters are evaluated at (Tyan + Tyan)/2, and 


3.5 x 10’ < Gr Pr < 10!? c = 0.13,a = 4 (turbulent) 
10* < Gr Pr < 3.5 x 107 c = 0.55, a = 4 (laminar) 


. . . + 
Heat transfer in concentric annuli + 


Streamline flow: 
hd /d\0-8 d\0.45 
Nu = T= a) (Re Baa) Gr° (8E3.2) 
where d,, d; = outside and inside diameters 
Turbulent flow: 
0.23 Pro 7/?(uy/p9)°"*4 
h ECE outer wall 
aF 8E3.3 
CG | (0.023X0.87Xd,/d 05 i SEa 
Gravity flow over horizontal tube surfaces: 
w yaa ; 
h= s a] Btu/(h-ft-°F) if> 7 < 525 (8E3.4) 
l o ç 
where w = liquid flow rate 
L = tube length 
d, = outside diameter 
Turbulent flow in tubes $ 
hd 
Nu = T= 0.023 Re® 8 Pr’ (8E3.5) 


5 0.4 for heating 
~ )0.3 for cooling 


WLI. King, “Free Convection,” Mech. Eng., 54:347, 1932. 
? C. C. Monrad and J. F. Pelton, in W. H. McAdams, “Heat Transmission,” McGraw-Hill Book 
Company, New York, 1954. 


tF. W. Dittus and C. M. K. Boelter, Univ. Calif. Publ. Eng., 2:443, 1930 (see McAdams, Heat 
Transmission). PS 
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Flow perpendicular to isolated cylinder :t 


hd 
Nu = + = (Pry(0.35 + 0.56 Re®*2) (8.E3.6) 


Flow perpendicular to one row of tubes centered 2d apart:* 
hd 0.6 p,1/3 
Nu = = 0.21 Re?-® Pr (8E3.7) 


where Re,, is Re evaluated at u,,,, and 2d is defined as 


D 
direction 
He e] 
of flow 
2d 
l 


Staggered successive rows of the above type:* 


Same as Eq. (8E3.7), but coefficient 0.21 replaced by 0.27 for 3 rows, 0.30 for 5 rows, 0.33 for 10 tube 
rows or more. 


The subject of transport of heat and mass is, we reiterate, an enormously 
developed area. The present chapter has provided some conceptual guidelines for 
estimating the quantities of interest. The literature contains a vast number of 
references for heat- and mass-transfer correlations under a variety of experimen- 
tal conditions, as indicated in some of the general references of this chapter. 
Where possible, use of correlations from experimental configurations most apro- 
pos to the situation of interest should be practiced, always taking note of the 
margin of (un)certainty of the correlation. 


8.11 STERILIZATION OF GASES AND LIQUIDS 
BY FILTRATION 


Previous sections discussed use of elevated temperature to effect the desired level 
of sterilization of a liquid. High temperatures can damage medium components, 
and heat sterilization of gases is not economical. A common alternative approach 
applicable equally to gases and liquids is the use of appropriate filters-to remove 
undesirable viable cells and, where possible, viruses from the appropriate process 
stream. 

Filters may be made from sintered porcelain, asbestos fiber mats, or synthetic 
microporous polymer membrane. While the first two categories are important 
historically, nearly all filtration today associated with sterilization relies on the 


"S. E. Charm, Fundamentals of Food Engineering, 2d ed., Chap. 4. Avi Publishing, Westport 
Conn., 1971. g 
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use of polymeric microporous membranes. These filters may now be routinely 
used to render sterile a gas flow or dilute liquid suspension entering a bioreactor. 
The value of these membrane filters derives from several characteristics: 


1. The porous membranes formed, typically from stable gels, have extremely 
uniform porosity, thereby providing absolute retention of all particles above 
a certain size (controllable by pore size modification). 

2. The extreme porosity (often 70-80°%) and thinness (ca. 100 microns) provide 
low flow resistance, thus allowing a high solvent (water) flux. For example. 
one liter can be passed through a filter having 0.2 micron pores and 10 cm- 
of filter area in 2-3 min. 

3. The membrane filter materials (including cellulose nitrate, cellulose acetate. 
vinyl polymers, polyamides, and fluorocarbons) are all steam sterilizable and 
stable against most aqueous suspensions and many organic materials. 

4. The quality of the manufactured membrane is easily tested by challenge with 
a suspension of nearly uniformly sized viable microorganisms. For example. 
0.22 micron pore filters are tested with a suspension of Pseudomonas aerugin- 
osa bacteria, and Serratia marcescens effectively probe a 0.45 micron pore 
membrane. Viral strains may be used to test filters with very small pore 
diameters, but uncertainties in virus culture techniques weaken this test for 
quality control. 


The filters of this section are used to remove trace particulates from air or 
liquid streams, typically to render them sterile (pharmaceuticals) or at least free 
from pathogens (beverages). Filtration for removal of particles from concentrated 
suspensions such as fermentation broths is discussed in Chapter 11. 


PROBLEMS 


8.1 Oxygen diffusivities in protein solutions Stroeve [53] noted that an 1881 derivation of James 
Clerk Maxwell’s (Treatise on Electricity and Magnetism, vol. 1, 3d ed.) for diffusion through a fluid 


containing spherical obstructions simplified to the form below when the obstructions were imperme- 
able: 


where 9 = apparent diffusivity in suspensions 
2o = apparent diffusivity in pure fluid 
f = volume fraction of obstructions 


He found that the form gave reasonable fit to experimental data provided that f was defined as 


f=f,+f,, where Jp is the volume fraction of protein and Jo the volume fraction of water physically 


immobilized on the protein surface. Taking the dimensions of the protein to be those of hydrated 
hemoglobin (spheroid 65 by 55 by 55A), calculate and plet Z/Zy vs. f, (not f) assuming no, one, or 
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two monolayers of immobilized water around the protein (range of f, is 0.1 to 0.5). Compare your 
results with the following measured values for methemoglobin and comment: 


Ío 
8.2 Mass-transfer coefficient Determine k, for the following conditions: 


Liquid volume = 10 L 

Turbine impeller diameter = 10 cm 

Vessel diameter = 50 cm 

Speed (rev/min) = 200 

Air — medium binary diffusion coefficient = 0.5 x 107 5 cm?/s 
Airflow rate = 2L/min 

Medium density = 1 2g/em? 

Medium viscosity = 0.01 g/(cm-s) 


. 8.3 Oxygen transfer, nonagitated Consider a 0.5L unstirred aerated chemostat with 10 orifices 
mounted in the bottom. If each is 1 mm in diameter and has an aiflow rate of 5 mL/min, what specific 
cell growth rate will be maintained if oxygen is limiting? Neglect breakup and coalescence and 
assume the medium is sufficiently dilute for it to behave like pure water. 


lma = 05h: * K,=01mM  o=72g/s? 
g =980cm/s? Hyas = 2 x 1074 g/(cm:s) BD=O5 x 1075 cm?/s 
Hia = 107? g/(cm-s) Peas = 1.4 g/L H, = 10 cm 
Yo;x = 1 g O7/g cell x = 1.0 g cells/L 


8.4 “Variation” of k,a with temperature Surface renewal theory provides that the mass transfer coef- 
ficient k, varies as ()'/. For diffusion in liquids, the Stokes-Einstein relation gives Du/T = constant. 
Thus the variation of k, with temperature is predicted to follow that of (T/p)*!. 

(a) Using any reference text for the viscosity of water vs. temperature, calculate and plot the 
expected variation of k,(T)/k(T = 15°C) in the range 15 to 60°C. 

(b) The equilibrium dissolved oxygen levels (Table 8.1) vary with temperature. Assuming that 
the interfacial area/volume a is not temperature-dependent, calculate and plot the ratio y= 
[k,ac*(T)/k,ac*(T = 15°C)] as in part (a). 

Comment on the utility of the nearly constant value of y predicted in part (b). Experimentally, 
this constancy has been confirmed. [54]. 

8.5 Batch reactor: growth vs. mass transfer limitation A batch fermentation is conducted at 35°C. 
Experiments with sodium sulfite oxidation indicate that k,a’c¥ = 0.1 mol/(L-h). The culture has 4 
doubling time, in exponential growth, of 30 min, and an oxygen yield coefficient of 0.6 g cells/gO- 

(a) Calculate the exponential specific growth rate, y. 

(b) Use Eq. (8.14) to calculate the dissolved oxygen level, c;, as the cells increase from 
Xo = 1076 g/mL. Plot ç vs. x. At what biomass lével is c, predicted to become zero? 

(c) In reality, c; does not become zero. Rather, » becomes g function of c, at low dissolved 
oxygen levels as in. for example. Eq. (8.15). Use Eq. (8.15) and thé same parameteér values as above to 
calculate c, vs. x. Take Ko, = 0.05 m mol/L. (Easiest to assume c, and calculate x.) 
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(d) For c, > 0.9cf, we have a growth-limited condition, while c, < O.lc# gives a mass-transfer 
limited condition. Use Eq. (8.15) and your graph in part (c) to deduce the ranges of x values corre- 
sponding to growth and mass-transfer limited operation. 

(e) The right hand side of Eq. (8.15) is simply`(dxjdt). Plot (dx/dt) vs. x on the same graph as 
part (c). What expression gives x at (dx/dt)na,? a a 
8.6 Effect of pressure Oxygen transfer has been increased by augmenting the oxygen partial pressure, 
Po,- as may be easily done by use of pure oxygen in place of air feeds. Operation at higher pressures 
has also been proposed. Unfortunately, cultures may exhibit oxygen inhibition due, for example, to 
the formation of excess active forms of oxygen within the cell which may damage functions which 
require a local reducing atmosphere. 

(a) Assume that growth-dependence on oxygen can be represented as 


=. Emax’ Cr 
Ko, +c, + c?/K; 


H 


H C 
Umax 1+ + ye? 


or 


where y = Ko,/K, and ¢ = c,/Ko,. Show that the maximum specific growth rate occurs at č = yo 2 
(b) Using Eq. (8.15), modified to include the oxygen inhibition term in part (a) above, derive an 

equation that will predict what oxygen pressure, Po,» Should be used at any x value to maintain 

maximum cell growth. Since y(max) = constant, give also the required time dependence for po,(t). 


8.7 Metabolic product export (a) At times 1, 2, 3, and 4h in an L-aspartate producing fermenta- 
tion, the extracellular product levels are measured as 1, 2, 3, and 4 g/L, respectively. If the surfactant 
cetylpyridinium chloride is added at t = 0, the corresponding measured product levels in the medium 
are 12, 22, 30. and 35 g/L. Can you say what fundamental process(es) kinetically govern the appear- 
ance of product in the original fermentation? in the surfactant-modified medium? (data from Ref. 55). 

(b) Amino acid export in some E. coli appears to be a balance between simultaneous passive 
transport out of the cell and active transport into the cell. Write a rate equation for amino acid 
export which is governed by these two phenomena. Using radiolabeled carbon in the amino acid, 
outline some initial rate measurement experiments by which you could determine all of the param- 
eters in your proposed rate equation. 

Mutation programs to eliminate catabolite repression and active transport uptake can lead to 
transport-limited product export (See Ref. 56). 


88 Microbead immobilized mycelia The adsorption of spores of a Penicillium chrysogenum strain to 
300-500 um porous particles was used to create an immobilized mycelial catalyst, the characteristics 
of which are compared below with a mycelial suspension culture. Both were propagated in the same 
bubble column bioreactor. 

(a) Assuming (roughly) that k, varies as (u)~ ™?, what was the ratio of viscosities in the cultures: 
4 {suspension)/u(immobilized)? What, in your view, allows a broth with a higher biomass level to 
exhibit a lower viscosity? 

(b) Discuss the trade-offs in costs of suspension culture vs. immobilized culture which would 
lead to choice of the most economic process [57]. 


Suspension Immobilized 
ae $$ 
Xmar(2/L) 17.0 29.0 
Pmax(2/L) 2.0 5.5 
k,aAc(m moles O,/L-h-atm) 50-100 100-350 
Basis: Power input (kW/m?) 2.3 2.3 
Oxygen transfer economy 

(kg O,/k Wh) 0.21 0.48 
Specific energy consumption 


(kWh/g pen G) 0.12 0.97 
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8.9 Scale-up Methods Table 8.5 provides a scale-up basis under various circumstances (e.g., constant 


P/V). 
(a) Discuss the (un)desirable effects on other operating variables resulting from scaling-up at 
constant reference of (P/V), N,, F/V, N;D;, or Re;. 

(b) It has been suggested that scale-up is best done by keeping k,a and fluid shear (tip velocity) 
constant, in particular D;/T ~ 0.25 — 0.4 and N;D; = 0.5 m/s. Use the correlations of this cHapter to 
indicate how (P/V), N;, F,/V and Re; would vary under scale-up with these mass transfer and shear 
guidelines [58]. 

8.10 Scaling parameters in aeration (a) In agitated aeration, Sh = aRe7'Sc™ according to many 
correlations. Assuming constant bubble size, show that achievement of identical values of k; in two 
different vessels, e.g., small (I) and large (II) requires that the impeller speed in revolutions per minute 
N; scale as follows: 

NAW) D1) pum 

N() | DAD 


(b) Consequently, establish that constant k, implies 


(P/V)y F DTe 
(P/V) Ea 


For the turbulent correlation in the text, what fortuitous result arises in the previous equation? 

(c) For conditions where the bubble size itself is determined by impeller conditions, what rela- 
tions hold for N(ID/N (1)?, (P'V)\/(P/V),? i 
S11 Bubble-column performance (a) Estimate a. H. and k, for a bubble column under the following 


conditions: 
Gas flow = 20 std ft?/min 


Liquid flow = 25 gal/min (water) 
Column ID = 16 in 
Average bubble diameter D = 0.25 in 


(b) An alternate correlation [59] for bubble swarm (liquid or liquid-liquid mass transfer) is 


1/3, 0. l 
Sh = 2.0 + ai] Renstsce9( Z | a) 61 


Gris 


Compare the explicit dependence of each physical parameter with that of the text formula. Evaluate ki 
again and the percentage difference between the two estimates. 


8.12 Stream reaeration (rapids and ponds) A moving stream might be approximated by alternating 
deep and shallow segments of the same width. If the “deep” and “shallow” segments have depths hp, 
hş and lengths lp, Is: 

(a) What is the ratio of aeration mass-transfer coefficients for the shallow to deep segments? 

(b) Lumping biological activity into a single species, develop an analytic description for sub- 
strate utilization by aerobic species of this ponds-rapids configuration, assuming oxygen transfer to be 
limiting. State your assumptions clearly. 

(c) Develop expressions (making simplifying assumptions if needed) for the fraction of total 
microbial growth occurring in the pond and the fraction of total oxygen transfer occurring in the 


= 


rapids. 
8.13 Simplified stream reaeration: (Streeter-Phelps equation) Stream reaeration can be described as 3 
simple plug-flow phenomenon under conditions where organic sedimentation. sediment reactions. and 
loss of organic volatiles is unimportant. A balance on organic matter S in a stream of velocity: u gives 
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and the oxygen balance is 


leg Ug 5 = 3 
=u lL + ko led. = to.) — 


3 Hmax® fos 
ct CS 
Gracient Gain by mass Loss py microbial 
transfer oxidation 


+ photosynthesis rate — algal respiration rate — sedimentation rate 


(a) If oxygen is always in excess for the microbes oxidizing the nutrients, show that 


s(z) = S220 exp( — Emax f 
u 


(b) At steady state. neglecting photosynthesis. algal respiration. and sedimentation, show thar 
the oxygen-concentration profile satisfies the Streeter-Phelps equation 


* S Yo sHmasS-=0 of ; = Ko, 
tO. Sale! Se POND |. — Yosma |o exp] io 
Ko. ~ YosHmax u 4 


where ko, = ko, 


x 


ko, = eddy-averaged oxygen-transfer coefficient [from (8.88)] 
l = stream depth 
(c) Establish analytically that for the Streeter-Phelps treatment. c3, — Co (7) known as the 


oxygen deficit, has a single minimum at 


What is the downstream distance - corresponding to this point of maximum oxygen deficit” Repeat 
this derivation including constant photosynthesis, algal respiration. and sedimentation rates. 


8.14 Heat transfer, bubble size For the stoichiometry given in Prob. 5.13, (a) suppose that a batch 
aerobic fermentor is run in a cylindrical tank of 6-ft diameter with 130 ft of l-in-diameter cooling coil 
arranged on 2-in spacing. Assume that all heat transfer is through the coils and that the bubble 
sparger always maintains a sufficient K,a value so growth is not oxygen-limited. If the average fluid 
velocity perpendicular to the coiled tubes is 10 percent of the impeller-tip velocity, what 1S the 
minimum speed in revolutions per minute needed for heat transfer if the average cooling liquid 
temperature is 18°C and the fermentor should operate no higher than 28°C? Repeat this calculation 
for cell densities of 10°. 10°. 108, and 10° cells per milliliter (impeller diameter = 4.5 ft, thickness = 
in, height = 6 in. single paddle). i 
(b) At 10° cells per milliliter. the aeration rate is such that 10 percent of the entering Oxygen IS 
consumed by the cells. For a poorly designed sparger, bubble size is too large. What stirrer speed 
(revolutions per minute) is needed to give adequate bubble size? Can this reasonably be achieved 
with one large paddle? Would a better design include a second much shorter, high-speed paddle just 
above the sparger with. for example. D, = 0.2D,, Na = 10N,? 
8.15 Dimensionless groups: Buckingham 7 theorem In heat transfer by forced flow of fluid over a tube 
surface, the parameters which are physically important in determining the fluid-side heat-transfer 
coefficient (a conductance A) are the characteristic diameter of the pipe D. the fluid velocity u. and 
viscosity u (in poise), density p. specific heat at constant pressure C, (in calories per mole per degree). 
and the thermal conductivity of the fluid k, (in calories per second per centimeter per degree). The 
Buckingham z theorem states that “the functional relationship between q quantities whose units can 


gin 
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be given in terms of p fundamenta! units can be written as a function of q — p dimensionless groups. 
The fundamental units in heat transfer are mass m, length 1, time t, and temperature T. 

(a) Express h, D, u, p, p, Cp, and k in terms of such units, i.e., variable = m't T?. 

(b) Four dimensionless groups are commonly formed from these variables: Nu ( = hD/k,), Re 
( = pDu/u), Pr ( = C,u/k,) and Stanton number St ( = h/uC,p). Comment. By inspection, what does 
the Stanton number represent? 
8.16 Power-law fluids: starch hydrolysis Pastes resulting from cooking 1% wt/vol amylopectin in 
water are pseudoplastic, thus following the power law, t = ny", with n < 1.0. For batch a-amylase 
hydrolysis of this paste, the following changes with increasing time were observed. [60]: 


n, dyn-s*/cm? 


(a) Show that these data can be described by 


To = NYO where To, Yo = const 


(b) Establish with an appropriate graph that all t-vs-y curves at each degree of hydrolysis pass 
through a common point. 

(c) How would the power input at fixed rotation speed vary with time? Could this parameter be 
used for on-line batch-process control? 


. 8.17 Power input vs. impeller speed in non-Newtonian fluids For non-Newtonian fluids with power- 
law indices n less than unity, the shear rate y may be taken to be proportional to the impeller rotation 
rate N, [61]. Show that: 

(a) For a fluid between concentric cylindrical surfaces, shear stress on the outer cylinder (as the 
inner-cylinder rotation speed varies) changes according to (dt/dN;) œ Ni a 

(b) The Reynolds number, Re = D?N.p/n,, where n, is the apparent viscosity (shear-rate- 
dependent), varies as Re œ N? ~”. 

(c) For Reynolds numbers defined above, the data for power number ( = Pg,/D?N?p) vs. 
Reynolds number fall on or just below that correlation for the Newtonian- fluid values. Thus if Po 
varies as Re”, establish that the power input P varies as N?*%?~”). 

(d) From the previous information, how would you evaluate the proportionality constant be- 

tween y and N; for a non-Newtonian fluid? 
8.18 Hydrocarbon-fermentation phases (a) For the quotation of Mimura et al. (and Fig. 8.14) de- 
scribing the time course of a particular hydrocarbon fermentation, write a mathematical description 
of growth and substrate(s) utilization in each phase of the batch fermentation. For each “phase,” 
indicate quantitatively where the controlling resistance(s) to growth may lie, i.e., hydrocarbon solubi- 
lization, oxygen transfer, cell metabolism, etc. 

(b) Postulate various reasons why the cell-hydrocarbon-droplet-air-bubble-solvent system 
adopts each configuration mentioned by the authors. What obvious experiments are suggested by this 
direct observation? How would you discriminate between or prove the hypotheses advanced? 


8.19 Double-substrate design (both gases) Hamer et al. [“SCP Production from Methane,” p. 362 in 
Single Cell Protein I1, S. R. Tannenbaum and D. I. C. Wang (eds.), MIT Press, Cambridge, Mass., 
1975] report that the utilization of methane in the presence of oxygen in a continuous-flow contin- 
uously sparged fermentor can be described by the double Michaelis-Menten form of cell growth: 


Cy C2 
K,+¢,K24+¢ 


Ty = Umax* 


where | is oxygen, and 2 methane. 
(a) Assuming constant yield coefficients, Y, and Y, (grams.of cell per gram of substrate i 
i = 1, 2), write down the steady-state balances for a sterile-feed system for cells and substrates 1 and 2. 


"ALS 


pups. 


), Re 
does 


tin in 
nylase 


sis pass 
neter be 


power- 
rotation 


T (as the 
iear-rate- 


Nip) VS. 
hus if Po 


istant be- 


8.14) de- 
lescription 
1 “phase,” 
on solubi- 


mt system 
sted by this 
sed? 

” p. 362 in 
idge, Mass., 
jow contin- 
growth: 


` substrate $ 
ates 1 and 2. 


TRANSPORT PHENOMENA IN BIOPROCESS SYSTEMS l 529 


Take the overall mass-transfer conductance to be K„a and assume both liquid and gas phases to be 
completely mixed. 

= (b) As the dilution rate increases. wash-out will again occur. Show by graphical or analytical 
evaluation that washout occurs at about D x 0.72h~! for the following parameter values: A, = 
K,=5x 10°*g L. ¥ = 1.25 g cell g O,. Y, = 2.0 gcell’g substrate. Ka = Ka = 100h7!, cj = 
0.015 g/L. c¥ = 0.007 g L. pna = 0.8 h`}. 
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acteristics. Consequently, our major task in this chapter is to blend these various 
ingredients to obtain a coherent overall strategy and analysis of biological 
reactors. 

In our considerations of cell kinetics in Chap. 7, the complex multiphase, 
interactive nature of cellular bioreactors was indicated. In that context, we ex- 
amined different types of approximations which could be introduced in order to 
simplify the kinetic description of the cell population to a practical, workable 
level while at the same time trying to minimize errors introduced by the approxi- 
mations. Similar problems and needs face us in biological reactor design and 
analysis. Now, we examine the interaction of the complex cellular kinetic features 
discussed earlier with an also complicated fluid flow, mixing, and heat transfer 
Situation. We must now consider the effect of scale or size of the reactor on the 
mixing, flow, and heat and mass transfer patterns inside the reactor and how 
different flow and transport fields will influence and interact with biocatalyst 
kinetics. In this chapter we shall focus on different descriptions of contacting in 
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- the reactor and the interaction of contacting patterns with biochemical reactions. 
In a fashion analogous to that considered earlier for cellular kinetics, we will 
need to apply approximations judiciously in order to obtain a workable reactor 
description. . | 

In addressing questions which shall arise in this chapter of approximation 
strategies for describing bioreactors, it will be extremely useful to consider rela- 
tive time scales and relative length scales. The spectrum of time and length scales 
which we encounter in bioreactor design and analysis is extremely large as sug- 
gested by the characteristic times and lengths in Figs. 9.1 and 9.2. A key to 
analysis of bioreactors is identification of the time and length scales for the 
phenomena of central interest in a particular reactor design context. Then, it is 
often possible to analyze phenomena with time or length scales much smaller or 
much larger than those characteristic of the process of main interest using rela- 
tively simple approximations. We have already encountered these ideas in our 
discussion of the quasi-steady state approximation in Chap. 3 and of structured 
models in Sec. 7.4.1. Here, comparison of length and time scales shall be used 
repeatedly in formulating a clear conceptual picture of the bioreactor processes 
which are most important in the reactor description for a particular design or 
analysis objective. l l 

Also involved in decisions on appropriate reactor descriptions is the avail- 
ability of experimental methods for characterizing the transport and reaction 
processes of interest, and the ability to.solve the mathematical models based on 
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certain reactor descriptions within reasonable time by currently available numeri- 
cal methods. We shall see that our ability to arrive at predictive bioreactor 
models is best for the relatively simple situation of one or a few reactions cata- 
lyzed on one or a few enzyme catalysts and that, in the case of cellular reactors 
with complex multiphase mixing, our lack of knowledge of the structure of the 
cellular kinetics and of the structure of the physical flow situation hinders predic- 
tive analysis at this time. This clearly indicates a major need for additional funda- 
mental research on bioreaction and interacting multiphase flow phenomena. 
Without more fundamental understanding of these processes, we shall always be 
faced with a considerable amount of empiricism and need for many scale-up 
experiments in order to arrive at what may be processes far from optimal. 

To begin our consideration of bioreactor design and analysis, we consider 
elaborations on the ideal batch and continuous-flow stirred-tank (CSTR) reac- 
tors introduced in connection with our kinetics discussions in Chap. 7 


9.1 IDEAL BIOREACTORS 


In Sec. 7.1, we introduced ideal well-mixed bioreactors. In these systems, mixing 
is presumed to be sufficiently intense and uniform such that reaction conditions 
and biocatalyst levels are effectively homogeneous throughout the reactor. This 
approximation will be valid if any gradients which do exist are sufficiently small 
So that the reaction rate locally for a given cell or biocatalyst particle is not 
changed significantly as that catalyst particle’ moves from one domain of the 
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reactor to another. Alternatively, if the catalyst particles circulate through differ- 
ent regions of the reactor very rapidly with respect to the characteristic response 
time of the catalyzed reaction to changing conditions, then calculating reactor 
performance based on the assumption of average, uniform conditions throughout 
will usually be satisfactory. Conditions like the ones described may be met in 
laboratory reactors and even pilot scale reactors, depending upon the process 
involved. In growth of dense cultures of filamentous organisms or organisms 
producing extracellular polymer, however, highly non-Newtonian conditions are 
encountered in which, even in small benchtop reactors, ideal mixing is not 
approximated. 

Examination of the theory of ideal completely mixed bioreactors is impor- 
tant for several reasons. First, such reactors provide well-defined conditions for 
kinetic studies in the laboratory. Second, such models may frequently be used 
with reasonable success even when the conditions required for validity of these 
models are not well satisfied. Finally, such ideal mixing configurations provide a 
starting point for examination and characterization of nonideal mixing and reac- 
tors with significant spatial nonuniformities in reaction conditions. As we shall 
see, we can sometimes calculate and simulate in the laboratory nonidealities in 
large-scale reactors using model systems comprised of interconnected ideal reac- 
tors. In this section, we first elaborate on the ideal batch and ideal CSTR reac- 
tors discussed in Sec. 7.1. Finally we consider an ideal plug-flow reactor in which 
negligible backmixing occurs. i 


9.1.1 Fed-Batch Reactors 


It is often desirable to add liquid streams to a batch bioreactor as the reaction 
process occurs. This can be done to add precursors for desired products, to add 
regulating compounds such as inducers at a desired point in the batch operation, 
to maintain low nutrient levels to minimize catabolite repression, or to extend 
the stationary phase by nutrient addition to obtain additional product. When a 
liquid feed stream enters the reactor, the culture volume is also altered, and this 
must be taken into account in the equations used to describe the reactor. Letting 
F(t) denote the volumetric flow rate of the entering feed stream at time t and 
c;,(t) denote the concentration of component i in this entering stream, the mater- 
ial balance on component i takes the following form: 


d 
FA [Vg c] = Verg, + F(t)-cis (9.1) 


Assuming that the densities of the entering liquid stream and of the culture fluid 
are both equal to p, a total mass balance on the reactor contents takes the 
following form: 


d a . 
ht [p- Vp] = p- F(t) A (9.2) 
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(How would this equation be modified to take into account different feed and 
reactor content densities resulting from. say, aeration of the reactor contents?) 


Assuming that the density p does not change substantially with time during 
batch operation. Eq. (9.2) becomes simply 


aVe | F(t) 9.3 
qe ( (9.3) 


Carrying out the differentiation indicated on the left-hand side of Eq. (9.1) 
(remembering that now Vp is a function of time). substituting for dVg/dt using Eq. 


(9.3), and rearranging the result gives a useful working form of the component i 
material balance 


dt Vz Leis Ci) ry, (9.4) 


Eqs. (9.3) and (9.4) are the mass and component balance equations which de- 
scribe this system. Assuming that suitable kinetic expressions r,, are available, 


these equations can be used to simulate the effect of different batch feeding strate- 
gies F(t) on reactor performance. l 


9.1.2 Enzyme-Catalyzed Reactions in CSTRs 


CSTRs used for enzyme-catalyzed reactions assume a variety of configurations 
(Fig. 9.3). depending on the method employed to provide the necessary enzyme 
activity. In the simplest design (a), enzymes are continuously added to and re- 
moved from the reactor via the feed and effluent lines. Obviously this approach is 
practical only when the enzymes are so inexpensive that they are expendable. 
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Figure 9.3 Schematic diagrams of CSTR designs for enzyme-catalyzed reactions. 
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Use of more costly enzymes requires that they be retained in the reactor or 
recycled. Recalling our discussions of enzyme immobilization in Chap. 4 suggests 
several possibilities, the first of these (Fig. 9.3b) employs an ultrafiltration mem- 
brane in the effluent stream with pores sufficiently small to prevent escape of the 
relatively large enzyme molecules in solution. A screen in the effluent line suffices 
if the enzyme is immobilized on insoluble particles which are suspended in the 
reaction mixture as a slurry (Fig. 9.3c). Another approach for physical retention 
of immobilized enzymes within the vessel is shown in Fig. 9.3d, where the enzyme 
is held in screen baskets attached to the agitator shaft. This configuration, which 
has also been widely used for study of gas-phase reactions on supported-metal 
catalysts, is intended to minimize mass-transfer resistance between the liquid 
phase and the immobilized-enzyme pellets. A more conveniently implemented 
arrangement for achieving the same objective is circulation of reaction mixture 
from a well-mixed reservoir through a short packed column of immobilized 
enzyme (Fig. 9.3e). So long as the recirculation rate is sufficiently large so that 
only very small conversion (ca. < 1%) occurs in a single fluid pass through the 
column, this overall system is equivalent to a CSTR reactor [4]. Thus, this design 
is especially convenient for laboratory kinetics studies. l 

Enzyme recycle is feasible only when the enzymes can be readily recovered 
from the product stream leaving the reactor. Two promising approaches to this 
problem are containment of enzyme inside liquid-surfactant or phospholipid 
membranes and immobilization of the enzymes on magnetic supports. 

Regardless of which strategy is employed, the common objective is mainten- 
ance of the desired enzyme concentration within the CSTR. Assuming that this 
has been accomplished, we can concentrate our attention on computation of the 
effluent substrate and product concentrations. The basic principles and general 
material balances discussed above for microbial growth are applicable, as are 
additional constraints implied by the relatively simple stoichiometry of these 
reactions. 

For example, for the single reaction 


5 ae UP 


1 mol of P is formed for each mole of S which reacts, so that the feed (sy, po) and 
effluent concentrations (s, p) are related by 


So -S=P— Po (9.5) 


With Eq. (9.5), reaction-rate expressions v(s, p) which are functions of both s and 
p can be written in terms of s only, simplifying the necessary algebra. The sub- 
strate mass balance in this case takes the form 


F(so — s) — Vav(s, Po + So — 5) = 0 (9.6) 


Table 9.1 gives solutions to this equation for a variety of kinetic forms. These 
formulas are easiest to use in an indirect fashion: insert the desired substrate 
conversion into the right-hand side and compute the required residence time 
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9.1.3 CSTR Cell Reactors with Recycle and Wall Growth 


Addition of a cell separator (see Chap. 11) and a recycle stream containing 
concentrated cells to a CSTR can be used to increase biomass and product yield 
per unit reactor volume per unit time. Adopting the notation shown in Fig. 9.4, 
we take Fo and F, as the feed and recycle volumetric flow rates and x,, Xo, and x 


o 5) as the reactor, recycle-stream, and product-stream biomass concentrations, re- 
' spectively. These concentrations often differ due to a separator, such as a settling 
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-a. The sub- | nie 
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Figure 9.4 Schematic diagram of CSTR with 
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basin, at the point where the reactor effluent stream is split. With a = F,/F, 
and b = x,/x,, the steady-state biomass-conservation equation for the recycle 
system is 

F,Xo + UX, Vr — (Fo + F,)x, = 0 (9.7) 


so that the overall or external dilution rate D; which is Fo/Vg, is 


ist aa AN 
ne ne 


Since the microorganisms in the recycle stream are usually more concen- 
trated than in the reactor effluent, b > 1. Then Eq. (9.8) reveals that, with recycle, 
the dilution rate is larger thari the organism’s specific growth rate. Thus, with 
organisms growing at the same rate, use of recycle permits processing of more 
feed material per unit time and reactor volume than in the nonrecycle situation. 
This feature of recycle is used to great advantage in biological waste-treatment 
processes, considered in further detail in Chap. 14. (What is the effect of recycle if 
b = 1? What physical interpretation can you provide for your answer?) 

Additional important benefits of recycle are revealed by a few manipulations 
of the system mass balances. Assuming a constant yield factor, the substrate 
balance is 


(9.8) 


Digg — s) — -_ = (9.9) 


Combining this equation with Eq. (9.8) we find that ux,, the biomass production 
rate per unit reactor volume, is 
HY (So — S) 
Bx, = 1 ab (9.10) 
This is greater than the nonrecycle production rate by a factor of [1 — 
a(b — 1)]~*. If we assume that u follows Monod kinetics, we can also show that 
recycle increases the washout dilution rate by this same factor. 

Experiments with CSTRs propagating cell populations sometimes allow 
higher dilution rates without washout than the theory of the ideal CSTR indi- 
cates (recall Sec. 7.1.2). This phenomenon can occur because of wall growth. 
There may be several solid films of organisms at different points in the vessel. 
Such colonies can arise, for example, above the liquid level, where splashed drop- 
lets have hit the vessel walls, or in crevices and crannies in relatively stagnant 
zones of the reactor. If we assume that cells on the film at the vessel wall have 
concentration x, which is constant with time, reproduction in the film implies 
addition of cells from the wall into the stirred liquid. In such a situation the 
Steady-state continuous-reactor mass balances take the general form 
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where up and Y, are the specific growth rate and yield factor in 
tively. These may differ from the corresponding bulk-liquid para 
for a variety of reasons, including diffusion-reaction interactions. 

The important thing to notice here is that the M,yX, term in Eq. (9.11) is a 
source term which is not seriously dependent on D, so that wall growth functions 
as a second, nonsterile feed which prevents washout. We should note in this 
connection that laboratory reactors have much larger surface-to-volume ratios 
than their commercial-sized counterparts, so that in systems involving wall 


growth, extra care is necessary in scaling up from laboratory data on microbial 
kinetics. 


the film, respec- 
meters uw and Y 


9.1.4 The Ideal Plug-Flow Tubular Reactor 


When fluid moves through a large pipe or channel with sufficiently large 
Reynolds number (e.g., > 2100 in a pipe), it approximates plug flow, which means 
that there is no variation of axial velocity over the cross section. If we assume 
that plug flow approximately describes fluid movement through the reactor, we 
can formulate the mass balance on the plug-flow tubular reactor (PFTR) easily 
using the differential-section approach. As Fig. 9.5 suggests, the steady-state con- 
servation equation is applied to a thin slice of the tubular reactor taken perpen- 


dicular to the reactor axis. Considering an arbitrary component C, the mass 
balance on the thin section is 


Auc| — Auc +A Agr. 


z+ Az 


=0 (9.13) 


z 


z 


where ry. is the rate of formation of species C in terms of amount per unit 
volume per unit time. Rearranging and dividing by A Az yields 


UC|,+A2 Sa uc| 


th (9.14) 


Taking the limit of this equation and recalling the definition of the derivative 
gives the final form 


d 
iL (uc) = ry, (9.15) 


ee (ae Figure 9.5 Plug-flow reactor. 
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So long as the reaction does not cause a change in fluid density (would this 
assumption be valid for a microbial process?), the axial velocity is constant and 
Eq. (9.15) becomes 


dc 
The quantity z/u is equal to the time required for a small slice of fluid to move 
from the reactor entrance to axial position z. If we use this transit time t 


pe (9.17) 


u 


as a new independent variable, the mass-balance equation (9.16) can be 
rewritten as 


Iik (9.18) 


which is exactly the same as the batch-reactor mass balance. This mathematical 
demonstration can be supplemented by a physical argument: in plug flow with 
constant velocity, each thin slice of fluid moves through the vessel with abso- 
lutely no interaction with neighboring slices. The system is totally segregated, 
with each thin slice behaving the same as a batch reactor. Consequently, if the 
initial charge in a batch reactor has the same composition as the feed to the plug- 
flow reactor, and if the mean residence time L/u in the tube is the same as the 
batch reaction time, the tube effluent is identical to the batch-reactor product. 
The boundary condition appropriate for this model is 


c = Co (9.19) 


z=0 


where z = 0 denotes the reactor inlet and cy is the C concentration in the feed. 

As an example, we shall assume that the kinetics used in the Monod chemo- 
stat are applicable in the PFTR (or the equivalent batch reactor). The mass 
balances on cells and substrate in the form of Eq. (9.18) are 


= = es (9.20) 
S awe age (9.21) 

with initial conditions 
x0)=x, O=. (9.22) 


ler 
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his On physical grounds or by manipulations with Eq. (9.20) and (9.21), we can see 
nd that the s and x concentrations are bound by the stoichiometric relationship 
x + Ys = x} + Yso (9.23) 
16) Using Eq. (9.23) to express x in terms of s and substituting this into Eq. (9.20) ` 
gives the single ordinary differential equation 
ove | 
dS L Hmas [Xo + Y(so — s)]s Son 
dt Y s+ K, wad) 
1,17) : . ; s oe 
Integration of this equation subject to condition (9.22) can be achieved analyt- 
ically. with the result 
| be 
PV it OE ew py Umaxt(Xp + YS) (9.25) ~ 
Xo So i 
3.18) 
The effluent substrate concentration is the s value corresponding to t = L/u; then 
atical x is found with Eq. (9.23). If viewed as the result of a batch reaction, the kinetics 
with of Eq. (9.20) here shows no lag or death phases but does reach a stationary 
abso- piace: Seance 
gated, In contrast to a CSTR, sterile feed to a PFTR automatically implies zero 
if the biomass concentration in the effluent: plug flow prevents a slice of fluid moving 
. plug- through the vessel from ever being inoculated. One way to circumvent this prob- 
as the lem is by recycle, so that the incoming stream is inoculated before entering the 
aduci vessel. 
The plug-flow material balances may be readily integrated to relate exit con- 
version to total reactor residence time L/u for several different common forms of 
enzyme kinetics. Results of such calculations are summarized in Table 9.2. 
(9.19) The relative performance characteristics of ideal CSTRs and PFTRs depend 
upon the reaction network invoived and the corresponding kinetics. For a single 
. feed. reaction with ordinary kinetics (decreasing rate with increasing substrate conver- 
shemo: sion, such as Michaelis-Menten kinetics), the PFTR provides greater substrate 
emas conversion and higher product concentration than the CSTR of equal volume. 
The opposite is true if the kinetics are autocatalytic (higher rates with decreasing 
substrate concentration). For microbial processes, the PFTR typically maximizes 
effluent product concentration. However, the requirement of continuous inocula- 
(9.20) tion and practical difficulties with gas exchange for PFTRs often results in use of 
their analog, the batch reactor, when high final-product concentration is impor- 
(9.21) tant. For exponential microbial growth, the CSTR is more efficient than a PFTR 
or batch reactor. Investigation of the performance of ideal PFTR and CSTR 
reactors for various simple reaction networks is a major theme of the reaction 
engineering texts listed in the chapter references. Additional comparisons are 
explored in the problems. l 
(9.22) 
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Table 9.2 Relationships among substrate conversion ô = (sọ — S)/So 
and reactor design parameters for enzyme-catalyzed reactions in a 
PFTR‘ 

„Enzymes in solution? or in immobilized pellets with negligible mass-transfer limita- 
tions 
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eee 
t Adapted from R. A. Messing, Immobilized Enzymes for Industrial Reactors, p. 
158, Academic Press, Inc., New York, 1975. 
t The (1 — e)/e factor in these equations should be set equal to unity for en- 
zymes in solution. 


9.2 REACTOR DYNAMICS 


In this section we consider dynamic characteristics of bioreactors. Although dy- 
namics of CSTRs are the primary focus here, many of the concepts and principles 
introduced can be applied to other reactor configurations. We first develop | 
the equations needed to describe unsteady-state reactor performance and then 
examine use of those equations to characterize transient behavior of the bio- 
reactor. We shall see that successful application of the,approaches presented here 


is often limited by lack of kinetic models which are accurate under transient | 


operating conditions. : 
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9.2.1 Dynamic Models 


For dynamic studies of CSTRs the conservation equation (Eq. 7.4) must be 
modified to give the corresponding unsteady-state mass balance: 


d ; ao) 
T (total amount in the reactor) = rate of addition to reactor 
dt 


— rate of removal from reactor + rate of formation within reactor 


Thus, for a well-stirred vessel we have for component i 


do o : 
g (eR Ci) = Flere — ci) + Very, (9.26) 


Assuming that the feed stream and reactor contents have equal density, equality 
of inlet and outlet volumetric flow rates means the volume of the reactor contents 
Vr is constant, allowing rearrangement of Eq. (9.26) into the form 


dc; 


Ji = D(cip — ci) +r; (9.27) 

This unsteady-state material balance is the starting point for characterization 
of reactor dynamics. Before introducing some general mathematical tools useful 
in dynamics analysis, we should comment on the new considerations required to 
justify the use of a CSTR model to calculate dynamics of a bioreactor. At this 
point we shall focus entirely on mixing phenomena, saving for later consideration 
of the required biological kinetics model for transient analysis. As mentioned in 
Chap. 8, one characteristic parameter of mixing in a vessel is the mixing or 
circulation time. This is an order of magnitude indication of the time required for 
an element of fluid to return to a similar region of the reactor after circulating 
around the reactor according to the existing flow patterns. In order to apply a 
CSTR model, it is important that this circulation time be short relative to other 
characteristic times concerning the CSTR. 

In particular, a new characteristic time is introduced when we examine dy- 
namic behavior of a CSTR. Now, there is the possibility of time-varying feed rate 
or feed concentration. In order for the ideal mixing approximation to apply, it is 
necessary that the circulation time be much less than the characteristic time scale 
for fluctuations in the feed stream or, for that matter, in any other entering 
streams such as base additions for pH control. Exactly the same consideration 
applies to the use of the perfect mixing assumption for the case of fed-batch 
reactors discussed earlier. 

Eq. (9.27) applies to each component considered in the bioreactor model. In 
all but the simplest case, then, the dynamic reactor model consists of a set of 
equations of the form of Eq. (9.27) which are usually coupled through the rate of 
formation terms rs, That is, in general the rate of formation of component i may 
depend on the concentrations of all of the other components in the reactor. It 
will be very convenient to introduce vector-matrix notation at this point to sim- 
plify writing large sets of equations. C 


i 
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We shall adopt the notation convention that lowercase boldface letters like ¢ denote vectors and that 
uppercase boldface letters like A denote matrices. Then, the set of equations indicated by Eq. (9.27) 
may be written in the form 


de(t) 
P = f(c(t), p) 


(9.28) 
where c is a vector of concentrations with dimension m (with m elements or components; an m-vector) 
equal to the number of components considered in the model. Here p denotes a q-vector of model 
parameters, such as feed concentrations, dilution rate, and kinetic parameters. The ith component of <% 
the vector-valued function f is equal to the right-hand side of Eq. (9.27). 
Since the system described by Eq. (9.28) is in general nonlinear, we usually cannot go too farin ġ§ g 
our analysis without resorting to some approximations. Often we are interested in dynamic properties | A 
of the system near a particular steady state c,. In the notation of Eq. (9.28), the Steady state concen-  & 
tration vector c, must satisfy ; 
f(c,, p) = 0 (9.29) 
We can attempt to determine behavior near c, by expanding the right-hand side of (9.28) in a Taylor's 
series about c, and neglecting all terms of second order and higher in the deviations c(t) — Cis, since 
they are presumed small. Then we obtain the following linear approximation for our system: 


ah = Ax(r) (9.30) 
where the vector x(t) denotes the vector of deviations from the Steady state c: 
x(t) = e(t) — c, (9.31) 
The element a,j in the ith column of the matrix A is defined by 
CFCC, p) 
= 9.32 
aij ac. ( ) 


J 


We should emphasize that A corresponds to some particular steady state. Some systems have more 
than one steady state for a given p and this usually implies that a different A matrix corresponds to 
each steady state. 

The dynamic properties of the linearized system are relatively easy to determine since all 
solutions of Eq. (9.31) usually take the form 


x(t) = x aipe" (9.33) 


The quantities $; and 4; are the corresponding pairs of eigenvectors and eigenvalues of A. Thus 4 = A; ` 
satisfies the characteristic equation 


det (A — JI) = 0 (9.34) 


(I is the identity matrix), and the B: satisfy 


(9.35) 


(A-ADB,=0 i=1,...,m 


The a; are constants to be chosen to fulfill the specified initial conditions; consequently they satisfy 
the linear algebraic equations 


m 


>» up: = x(0) (9.36) 


where x(0) is a specified vector of initial deviations. 
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This linearized dynamic model of the reactor 
of characteristic response times of the system. Wi 
considered here. we can see from Eq. (9.33) 
reference steady state c, are characterized by 
behavior, the system exhibits a spectrum of 


provides a systematic framework for identification 
thin the framework of local dynamics which are 
that the time scales for decay of disturbances from the 
the eigenvalues 4; of the matrix A. Thus. in terms of local 
characteristic times indicated approximately by 


t=; i=l 


EERS m (9.37) 
These values can be used to examine the relative ma 


gnitudes of reactor time scales with time scales 
for input variations, for example. 


While the approach leading to the time-scale estimates given in Eq. (9.37) is systematic and 
locally rigorous. the time scale estimates so obtained are difficult 


significance. The eigenvalues A, are in general functions of all 
depend upon the entire v 


p. This situati 


to assign a particular physical 
entries of the matrix A and, as such, 
ector of steady-state operating conditions c, and the entire parameter vector 
on does not allow convenient comparison of time scales for mixing. for reaction, and for 
other interactions in the system. In the case of a CSTR. the eigenvalues may be shown to have the 
form —D + (a value characteristic of the reaction network)." Although providing some guidance, 


this relationship does not unravel the complex relationships between other parameters and the 4,. 
Accordingly, some judgment, experience, and some art is needed in developing a reasonable yet not 
altogether mathematically rigorous approach 


for identification of different characteristic lengths and 
time ratios. Of course one systematic method for achieving this which is well known in chemical 
engineering is transformation of all System equations to dimensionless form. followed by rearrange- 
ments to identify dimensionless groups which characterize the system's behavior. Frequently, such 
dimensionless groups take the form of ratios of characteristic length or time scales. 


9.2.2 Stability 


Next we shall examine how the dynamic characteristics of the reactor depend upon the function f and 
the selected parameter values p. For our purposes, the local stability of a particular steady state c, will 
be of greatest concern. If a steady state is locally asymptotically stable, the system concentrations will 
return to that steady state after a small disturbance has moved those concentrations slightly away 
from the reference steady state of interest. For an unstable steady state, the concentrations considered 
will “run away” from the steady-state values following certain small disturbances. To be sure to avoid 
ambiguity, we shall restate these definitions in more formal mathematical language. 

We shall say that the steady state c, is locally asymptotically stable if lim, < e(t) + c, provided 
that the initial state cy is sufficiently close to ¢,. [Our mathematical measure of closeness for vectors is 
the Euclidean norm, defined by 

m 1:2 
lel = (È 2) 
i=] 


Then “co sufficiently close to c; means that |e, — ¢,| is a sufficiently small real number.] The steady 
state c, is globally asymptotically stable if lim, ..,.¢(t) = c, for any choice of Co (except ridiculous ones 
like negative concentrations). If c, is an unstable steady state, some initial states €o arbitrarily close to 
c, lead to trajectories c(t) which do not approach or stay arbitrarily close to c,. Thus, in the case of 
instability, the magnitude of the deviation x(t) tends to increase from its initial value for some initial 
deviations. 

Local stability is determined in most cases b 
(9.32). The steady state c, 
parts: 


y the eigenvalues 4, of the matrix A defined in Eq. 
is locally asymptotically stable if all eigenvalues of A have negative real 


Re(4)<0 Pat. Hi (9.38) 


* M. Fjeld, O. A. Asbjørnsen, and K. J. Åstrom, 
Analysis of Eigenvectors, State Observability, 
Reactor,” Chem Eng. Sci., 29:1917, 1974. 


“Reaction Invariants and their Importance in the 
and Controllability of the Continuous Stirred Tank 
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On the other hand, c, is unstable if any eigenvalue has positive real part: . 


Re (Aj) > 0 any j (9.39) 


These results are eminently reasonable in view of Eq. (9.33). If the largest real part of the system 
eigenvalues is equal to zero, a critical case arises and further analysis is needed to detérmine local 
system dynamic characteristics (see, for example, Ref. 10). Fortunately, we need not compute all the 
eigenvalues to check the inequalities listed above. First, suppose that the determinant in Eq. (9.34) 


has been expanded to provide an mth-order algebraic equation. 
(9.40) 


Am + B å! +--+ + By yA + B, =9 
Now we can apply the Hurwitz criterion, which asserts that all roots of (9.40) have negative real 


parts if and only if the following conditions are met: 


B, >0 

B, B 

dt} | °1>0 
1 B, 
B, B, B; 

det} 1 B, B,|>0 
0 B, B, 

(9.41) 

B, B, B; = 0 
1 B, B, - 0 
0 B, B 0 

det ee >0 
0 1 B, 2 0 
Bm 


As an example, we shall investigate the situation where a single substrate 
limits growth and examine the dynamic version of the Monod chemostat model. 
Application of the general unsteady-state mass balance (9.27) to both biophase 
and substrate and use of Monod’s expression (7.10) for the specific growth rate 


yields 
X opga eh (9.42a) 
— = — x) + i 
dt j s+ K, 
and 
ds l HUmaxSX 
— = Dls — 9) — = -4 9.42b 
dt Co!) Yyjs x + K, l ) 


For the case of sterile feed (xy = 0), there are two possible steady states, the 
non-trivial one given earlier in Eqs. (7.14) and (7.15) and the “washout” solution 


t C. F. Walter, “Kinetic and Biological and Biochemical Control Mechanisms,” p. 335 in E. Kun 
and S. Grisola (eds.), Biochemical Regulatory Mechanisms in Eucaryotic Cells, John Wiley & Sons 


Inc.. New York, 1972. 
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x = 0, s = sọ. We can determine which of these steady states will be observed in a 
continuous culture by determining their Stability. Local Stability can be studied 


using the linearized form of Eqs. (9.42). The results of such a local-stability Study 
of the Monod chemostat are summarized below. 


3 D > BmaxSo HmaxSo 
K, + 59 K, + 5, 
ee a aA 
Nontrivial Steady-state 5 
(Eqs. (7.14, 7.15)] Unstable Stable 
Washout steady-state Stable Unstable 


cee 


Another prediction of this analysis is that concentrations cannot approach 
their steady-state values in a damped oscillatory fashion. As such oscillatory 
phenomena have been observed experimentally, this substrate-and-cell model is 
insufficent to predict all dynamic features of some reactors. 

Other weaknesses in the dynamic model of the Monod chemostat are 
known. It predicts instantaneous response of the specific growth rate to a change 
in substrate concentration: experimentally, a lag is present (see Prob. 10.6). 
Moreover, growth-rate hysteresis and variations in the yield factor have been 
established. Steady oscillations have been found in several experimental studies 
(Fig. 9.6). Consequently, while the Monod chemostat model is quite successful 
for steady-state purposes in many cases, it has numerous drawbacks as a dy- 
namic representation. 

By introducing additional variables into the model, Le., by giving it more 
“structure,” some of the phenomena unexplained by the Monod model can be 
accounted for. The need for structured models in such cases rests on conceptual 
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Figure 9.6 These sustained oscillations of pyruvate concentration (@) were observed in continuous 
culture of E. coli. Notice that the cell concentration (crosses) remains approximately constant. / Re- 


printed from B. Sikyta, “Continuous Cultivation of Microorganisms,” Suom. Kemistil., vol. 38, p. 180, 
1965.) 
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points mentioned earlier in Chap. 7 and in this chapter’s introduction. In a 
transient situation, the balanced-growth approximation does not apply if the 
time scale of the environmental changes are comparable to the time scale for 
biological response (e.g., by induction or repression of enzyme synthesis). In such 
situations, the biological kinetics model should be expanded to include more 
components (or pseudocomponents; Sec. 7.4) of the cell phase. 

We have already examined the two-component structured model of Williams 
in Sec. 7.4.1. Applied to continuous culture dynamics, this model reproduces 
several experimental features not anticipated by the Monod model. Extending 
the analogy between the Monod growth-rate equation (7.10) and enzyme kinet- 
ics, Jeffreson and Smith [11] include in their dynamic chemostat model an in- 
termediate species which is an analog of the enzyme-substrate complex. 
Ramkrishna, Fredrickson, and Tsuchiya [12] consider an inhibitor of cell growth 
in their dynamic model. In a sense, this approach can be viewed as adding more 
structure to the nutrient phase. 

A completely different viewpoint has been taken by Lee, Jackman, and 
Schroeder [13], who consider the influence of flocculation on the overall growth 
process. We have already observed that the individual cells in many microbial 
systems form aggregates called flocs. Metabolic processes within such flocs could 
presumably be different from those in individual dispersed cells; nutrients, for 
example, would have to diffuse into the floc to reach cells in its interior. Thus, the 
biophase is viewed as having two components (flocs and individuals) with differ- 
ent kinetics but also with the possibility of interchange of individual cells between 
the two different morphological forms of behavior. The resulting model exhibits 
overall yield-factor fluctuations, growth-rate hysteresis, and slower responses 
than the Monod model—all more compatible with experimental findings than 
Monod’s model. 

Yet another conceptual attack is apparent in the model of Young, Bruley, 
and Bungay [14]. They propose that because of resistances in the mass transport 
processes which bring nutrient into the cell, the substrate concentration within 
the cell is not equal at every instant to the external nutrient concentration, and it 
is the former quantity which directly influences the cell’s growth rate. The model 
based on this view point exhibits lags in response to environmental changes, as 
has often been observed experimentally. 

In closing our review of chemostat dynamics, we should note another poten- 
tially important phenomenon not embodied in the Monod model. In situations 
where excessive nutrient inhibits growth, the specific growth-rate expression 
given in Eq. (7.33) 


ns _ BmaxS 
K,+s+57/K, 


should be used. A chemostat with this specific growth rate can behave signifi- 
cantly differently from the classical Monod chemostat: now there can be three 
steady states for some operating conditions. Dynamic béfiavior for such a system 
can be complex, and nonlinear effects not considered in a local stability analysis 
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can be quite important. It has been Suggested that this model with its unusual 
characteristics may help explain the operating difficulties which are common in 


anaerobic digestion processes. Some aspects of substrate-inhibition effects in 
CSTRs will be explored further in Chap. 14. 

Mixed culture systems involving multiple cellular 
complicated dynamic behavior. We shall- investigate these 
systems in detail in Chap. 13. There, we shall also introdu 


mathematical methods and results useful for ana 
dynamics. 


species can exhibit 
types of bioreaction 
ce additional general 
lyzing and describing reactor 


9.3 REACTORS WITH NONIDEAL MIXING 


Now we depart from the ideal cases of completely mixed tanks or plug-flow 
tubular reactors, situations which can be approximated under small-scale labora- 
tory conditions, and consider more realistic conditions encountered in larger 
scale process reactors. We shall be concerned in this section with methods to 
characterize mixing and flow patterns in reaction vessels, with application of this 
knowledge for reactor design, and with examination of some of the interactions 
which arise between biological or biocatalyzed reactions and the mixing and flow 
patterns in the vessel. First, we consider mixing times in agitated tanks to intro- 
duce important time scales, to show the existence of large-scale circulation 
patterns in reactor vessels, and to get some feeling for orders of magnitudes of 
the circulation times encountered in different bioreactor situations. 


9.3.1 Mixing Times in Agitated Tanks 


The mixing time denotes the time required for the tank composi 
specified level of homogeneity following addition of a tracer 
point in the vessel. The tracer might be a salt solution, an a 
heated or cooled pulse of fluid. The circulation characteristics 
mixing time can be measured by continuously monitoring the 
tion at one or several points in the vessel. As shown schemat 
different types of reactor internals and agitators give rise to different circulation 
and mixing time characteristics. In the sketched responses in Fig. 9.7, periodic 


patterns in the tracer concentration are evident, indicating a characteristic 
number of bulk circulations of fluid required befo 
homogeneity. 


tion to achieve a 
pulse at a single 
cid or base, or a 
of the vessel and 
tracer concentra- 
ically in Fig. 9.7, 


re achieving composition 
The circulation time is also important because it indicates approxi- 
mately the characteristic time interval during which a cell or biocatalyst sus- 
pended in the agitated fluid will circulate through different regions of the reactor, 
possibly encountering different reaction conditions along the way. Then, as men- 
tioned before, one must consider whether or not the fluctuations encountered are 
of sufficient magnitude and on an appropriate time scale to influence local kinetic 
behavior significantly. We shall return in the conclusion of this section on mixing 


to examination of some experimental studies of mixing effects on biocatalyst 
performance. 
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Mixing time correlations developed for Newtonian fluids and mycelial cul- 
tures and experimental data on mixing times in microbial polysaccharide solu- 
tions may be found in the review of Charles [18]. Mixing times of 29 to 1045 
were measured in fermentation tanks of size 2.5 to 160 m3. In some Cases mixing 
times of several minutes have been reported. Studies of a 25 m3 deep jet aeration 
system revealed a mixing time of 80s in water. Charles reported mixing times of 
around 6 min in | °, Xanthan solution at 300 rpm with no air flow, decreasing to 
around one minute at 500rpm and with 0.25 % air flow. On the other hand, 
mixing times in the range of 2 to 3s have been mentioned in small reactors. 
These figures give a sense of the order of magnitude range which might be ex- 
pected at different reactor scales in different types of bioreactor fluids. Here our 
concern is with large-scale fluid circulation and possible composition and tem- 
perature nonuniformities. Finer scale considerations having to do with turbu- 
lence and its interaction with mass transfer and cells is provided in Chap. 8. 

Clearly consideration of a single circulation time in, Say, an agitated tank is a 
conceptual approximation. If we monitor the sojourn of various parcels of fluid 
from the impeller region, different paths through the vessel will be followed by 
different fluid parcels, giving rise to correspondingly different circulation times. 
Bryant [19] has described how the circulation time distribution f(t) can be experi- 
mentally determined by use of a small, neutrally bouyant radio transmitter and a 
monitoring antenna placed in the vessel. By definition, f(t) dt is the fraction of 
circulations which have circulation time between t and t + dt. Bryant indicates 
that the circulation time distribution for agitated tanks can usually be well ap- 
proximated by the functional form of a log-normal distribution 


1 (In t — t)? 
f4 = = exp | — = (9.43) 
o/27 2o? 


The two parameters in this representation, the log-mean circulation time tı and 
log-mean circulation time standard deviation 6, are related to the mean circula- 
tion time f and standard deviation o of f. by 


E = e" +e7/2) (9.44a) 
o = P(e! — 1) (9.44) 


Experimental measurements give f and o which can then be used in Eq. (9.44) to 
determine parameter values for J: in Eq. (9.43). Later in this chapter we shall 
apply the circulation time distribution concept to calculate effects of fluid circula- 
tion on overall bioreactor performance. 


9.3.2 Residence Time Distributions 


Let us now try to imagine what happens to a small parcel of fluid after it has 
entered a continuous-flow bioreactor. Because of mixing in the vessel, this fluid 
will be broken into smaller parts, which separate and disperse throughout the 
vessel. Thus, some fraction of this fluid element will rapidly find its way to the 
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Figure 9.8 Schematic diagram showing experimental measurement of the response (F curve) to a Fi 
step tracer input. fli 
effluent stream, while other portions of it will wander about the vessel for varying ‘i 
times before entering the exit pipe. Viewed differently, this scenario indicates that A 
the effluent stream is a mixture of fluid elements which have resided in the ii 
reactor for different lengths of time. Determination of the distribution of these tir 
residence times in the exit stream is a valuable indicator of the mixing and flow thi 
patterns within the vessel. Methods for determining the residence time distribu- flu 
tion are reviewed next. 
We shall consider first an arbitrary vessel with one feed and one effluent line, 
and it will be assumed for the moment that there is no back diffusion of vessel 
fluid into the feed line or of effluent fluid into the vessel. In order to probe the 
mixing characteristics of the vessel, we conduct a stimulus-response experiment 
using an inert tracer: at some datum time designated t = 0, we introduce tracer 
` at concentration c* into the feed line and maintain this tracer feed for t > 0. Then 
we monitor the system response (in this case the exit tracer concentration) to this 
specific stimulus. Figure 9.8 shows schematically the general features of this T 
experiment, as well as the shape of a typical exit concentration response c(t). 
Under these conditions, the response to a unit-step tracer input co(t) = H(t) 
where = 
0 t<0 : 
H(t) = f csp (9.45) - 
is obtained by dividing the c(t) function obtained in the above experiment by the 
tracer feed concentration c* used in that experiment. The result, the unit-step 
response of the mixing vessel, is called the Z function (Fig. 9.8): ! 
= - c(t) wey -OTI 
F (t) = qx = Tesponse to unit-step input of tracer (9.46) litera 
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What is needed in many cases is not the ¥ function but the residence-time- 
distribution (RTD) function’ &(t), which is defined by 


&(t) dt = fraction of fluid in exit stream which has been in | 
vessel for time between t and t + dt (9.47) 


Thus, for example, the fraction of the exit stream which has resided in the vessel 
for times smaller than t is 


KE dx 


0 


It follows from definition (9.47) that 
| &(x) dx = 1 (9.48) 
0 


A simple thought experiment will now serve to clarify the relationship be- 
tween the & and F functions. Returning to the stimulus-response experiment of 
Fig. 9.8, let us imagine the vessel contents to consist of two different types of 
fluid. Fluid I contains tracer at concentration c*, and fluid II is devoid of tracer. 
Consequently, all elements of fluid I must have entered the vessel at some time 
greater than zero. Then, any fluid I in the effluent at time t has been in the system 
for a time less than t. On the other hand, fluid II had to be in the vessel at t = 0 
since only fluid I has entered since then. All fluid II elements in the effluent at 
time t consequently have residence times greater than t. Assuming that we know 
the & function, we can write the exit tracer concentration c(t) as the sum of the 
fluid I and fluid II contributions: 


c(t) = f ao dx + of sw dx (9.49) 
0 t 


Combining Eqs. (9.49) and (9.46) produces the desired relationship 


F(t) = | &(x) dx . (9.50) 
10) 
which can be differentiated with respect to t to provide the alternative form 
dF (t 
we ) s) (9.51) 


We note first from Eq. (9.51) that &(t) can be obtained by differentiating an 
experimentally determined F curve. Also, the theory of linear systems states that 


* Standard terminology from statistics would indicate that £ is a density function with F the 
corresponding distribution. The language above is so firmly embedded in the reaction engineering 
literature, however, that it would cause confusion to alter it here. 
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the time derivative of the unit-step response is the unit-impulse response, which 
reveals that &(t) can be interpreted as the reponse of the vessel to the input of a 
unit tracer impulse at time zero. While an impulse is a mathematical idealization, 
we can approximate it experimentally by introducing a given amount of tracer 
into the vessel in a short pulse of high concentration. 

In addition to the experimental methods just described for determining the 
RTD function, we can sometimes evaluate it if a mathematical or conceptual 
model of the mixing process is available. Considering the ideal CSTR as an 
example, the unsteady-state mass balance on (nonreactive) tracer is 


£ = vy, (Co — c) (9.52) 
To determine the result of an F experiment for this system, we take 
c(0) = 0 (9.53) 
Calf) = c* t>0 (9.54) 
The solution to Eq. (9.52) under conditions (9.53) and (9.54) reveals 
F(t) = a = | —e “iY (9.55) 
c 


Applying formula (9.51) to the result in Eq. (9.55) reveals that the RTD for a 
CSTR is 
é(t) = - e7 FYR (9.56) 
Vr 

The physical perspective of the PFR introduced above readily reveals its 
RTD. If a tracer pulse is introduced in the feed, it flows through the vessel 
without mixing with adjacent fluid and emerges after a time L/u. Thus, the tracer 
pulse in the exit has exactly the same form as thc pulse fed into the PFR, except 
that it is shifted in time by one vessel holding time. Deviation from such behavior 
is evidence of breakdown in the plug-flow assumption. 

Often when dealing with distribution functions such as &(t), it is helpful to 
consider the moments of the distribution. The kth moment of &(t) is defined by 


0 


m, = | t'&(t) dt k=0,1,2,... (9.57) 


Since a unit amount of tracer is introduced into a vessel to observe its & curve, 
and since all tracer eventually must leave the vessel, we know that 


mated (9.58) 


The first moment m, is the mean of the RTD, or the mean residence time f. Under 
the conditions of zero back diffusion stated at the start of this section, it can be 
proved [2] for a single phase fluid in an arbitrary vessel that 
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which says that the mean residence time is identical to the nominal holding time 
of the vessel. This relationship does not apply for a single phase in a multiphase 
mixture nor to a single phase in a vessel with heterogeneous catalyst or adsor- 
bent. The second moment m, is most often employed in terms of the distribu- 
tion’s variance g? = m, — mł, which is the average of the squares of deviations 
from tlie mean residence time. 

Related functions useful in mixing and reactor analysis include the internal 
age distribution function I(t), where I(t) dt denotes the fraction of fluid within the 
vessel which has been in the vessel for a time between t and t+dt. A mass 
balance can be applied to obtain 


I(t) =F *[1 — F(t). (9.60) 


The intensity function A(t), defined such that A(t) dt is the probability that a 
fluid element which has been in the reactor for time t leaves in the next short 
time interval dt, is especially useful in diagnosing deviations from ideal mixing 
regimes. A(t) is related to the functions introduced earlier by [16] 


EWO — — din{l~ F(2)] 


AQ) = = oe z (9.61) 


For an ideal CSTR, A(t) is a constant. Figure 9.9 shows how A(t) behaves for 
several types of nonidealities in stirred vessels. In general, whenever A(t) has a 
maximum and subsequent decrease, the mixing vessel has stagnant regions or 
regions of fast and slow flows from inlet to effluent. 

Although we cannot discuss all the details here, it is now well established 
that the RTD does not characterize all aspects of mixing (further discussion of 
this point from a variety of perspectives will be found in the references). The 


Dimensionless time @ = t/t 


Figure 9.9 Intensity functions indicative of different types of imperfect mixing in stirred tank reactors 
(Ref. 16): A, Short delay between inlet and outlet (normal case); B, Delay between inlet and outlet 


due to insufficient stirring; C, Bypass between inlet and outlet; D, Bypass between inlet and outlet 
and stagnant regions due to insufficient stirring. 
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RTD indicates how long various “pieces” of effluent fluid have been in the 
reactor, but it does not tell us when fluid elements of different ages are intermixed 
in the vessel. 

This point can perhaps be clarified by considering two limiting cases. In the 
first instance, suppose that fluid elements of all ages are constantly being mixed 
together. In other words, the incoming feed material immediately comes into 
intimate contact with other fluid elements of all ages. Such a situation, usually 
termed a state of maximum mixedness, prevails in the ideal CSTR. At the other 
extreme, fluid elements of different ages do not intermix at all while in the vessel 
and come together only when they are withdrawn in the effluent stream. In this 
case, which is called complete segregation, reaction proceeds independently in 
each fluid element: the reaction processes in one segregated clump of fluid are 
unaffected by the reaction conditions and rates prevailing in nearby fluid ele- 
ments. Between these two limiting situations falls a continuum of small-scale 
mixing, or micromixing. 

The RTD of a reactor is completely independent of its micromixing charac- 
teristics. Often. this is not a limitation because micromixing has a small effect on 
reactor performance. On the other hand, micromixing can influence reactor per- 
formance significantly in special situations. It has been suggested [16] that 
the sensitivity of reactor performance to micromixing can be usefully assessed by 
calculating reactor performance under the special cases of maximum mixedness 
and complete segregation. If substantial difference is obtained, the reactor is 
sensitive to micromixing and will be difficult to scale up. In such situations, 
predictability of scale-up will be enhanced by using a PFTR or something ap- 
proximating it (see next section) because PFTR performance is micromixing in- 
sensitive regardless of the reaction network or kinetics. 

In a reactor with complete segregation, each independent fluid element be- 
haves like a small batch reactor. The effluent fluid is a blend of the products of 
these batch reactors, which have stayed in the system for different lengths of time. 
Restating this in mathematical terms, let c;,(t) be the concentration of component 
i in a batch reactor after an elapsed time t, where the initial reaction mixture in 
the batch system has the same composition as the flow-reactor feed steam. So 
long as significant heating or volume change is not caused by the reaction(s), it 
makes no difference whether one or many different reactions are occurring. A 
fraction &(t) dt of the reactor effluent contains fluid elements with residence times 
near t and hence concentrations near c,,(t). Summing over all these fractions 
gives the exit concentration c; for the completely segregated reactor: 


x 
C= | Cip(t)E(1) dt (9.62) 
0 i 

In deriving Eq. (9.62), we assumed that reaction conditions (T, pH, dissolved 
oxygen. etc.) were effectively uniform in the “small-batch reactor” and in the 
mixing vessel characterized by the RTD. Here “effectively uniform” means that 
any differences in conditions which do exist have negligible or acceptably small 
effects on the bioreaction processes of interest. This assumption may well break 
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down in large-scale reactors in which substantial inhomogeneities in reaction 
conditions occur. The RTD for the vessel as a whole does not define how fluid 
within the vessel circulates through domains of different reaction conditions. 
Consequently, Eq. (9.62) can be used only to provide an estimate under condi- 
tions where appreciable nonuniformities exist in the bioreactor. 

Certainly the individual cells or flocs of cells found in some biochemical 
reactors are segregrated, so that application of Eq. (9.62) seems appealing. How- 
ever, a rather subtle pitfall exists here. We must remember that living cells con- 
tain sophisticated control systems, with which they adapt and respond to their 
environment. Consequently, the changes which occur during batch culture reflect 
the combined and interactive influences of the medium and biological phases. 
Compositions in both of these phases change during the batch in a directly 
coupled fashion. Consequently, if a cell or floc in a flow system is to behave like 
the same small batch reactor observed in a batch experiment, it is necessary in 
general that the cell's environment (the surrounding fluid) also remain segregated 
in the flow system. If changes in medium composition do not play a critical role 
in the batch biological reactions, this requirement can be loosened and use of Eq. 
(9.62) can be better rationalized. Examples of such instances shall appear later in 
this chapter. 


. Returning now to the influence of micromixing, consider a single half-order 
irreversible reaction. 


S ——> PO reaksil2 (9.63) 


occurring in a stirred vessel which is completely segregated but has the same 
RTD as a CSTR. We might view the half-order reaction as an approximation to 
the Michaelis-Menten form over a rather narrow range of substrate concentra- 


tions. By computing s(t) for reaction (9.63) in a batch reactor and using this with 
Eq. (9.56) in Eq. (9.62) we find 


ki 2s 
s= sof! -Efi -e - 32) ]} (9.64) 


On the other hand, if the same reaction takes place in an ideal CSTR. which has 
by definition micromixing at the maximum mixedness limit, the effluent substrate 


concentration is 
oy fe) ss 
S= sol -=| —~14 /14—% (9.65) 
oj os Vv (ke? 


A general method for calculating conversion under maximum mixedness condi- 
tions in vessels with arbitrary residence times is described in Ref. 20. 

From a practical design viewpoint, it is fortunate that reactor performance is 
often not too sensitive to micromixing. For example, for an irreversible second- 
Order reaction in a CSTR, the maximum difference between the conversions at 
complete segregation and maximum mixedness is less than 10 percent. Thus, even 


in Cases where it is known to be, inexact, Eq:"(9.62) may provide an adequate 
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(9.65), develop an expression for the relative difference, |1 — 5(9.64)/s(9.65)|.] 
For all single reactions with order less than unity, maximum substrate 


section. 


9.3.3 Models for Nonideal Reactors 


Fily FilV 


Since 
tion 
mixin 
Eq. (€ 
does ; 
F; 
FilV K tivity 
(e) fractio 


Figure 9.10 F and & functions for (a) an ideal CSTR, (b) a CSTR with bypassing, and (c)a CSTR Fig. 7. 
with a dead zone. o 


Friv 
(a) 


ALS 
ind 


‘ate 
ides 
fied 
ing 
vith 


ious 
next 


te eee ee 


DESIGN AND ANALYSIS OF BIOLOGICAL REACTORS 561 


Figure 9.11 Model for an incompletely mixed CSTR 
wrth a stagnant region. 


(1 -a)VR X2, 52 


involves bypassing of the feed stream, and there is a dead volume (1 — a)V, in 
case (c). When there is bypassing. tracer appears immediately in the ¥ function, 
while a dead region results in faster decay of the & curve than in the ideal case. 

Another useful and commonly applied model for a nonideal continuous-flow 
stirred reactor uses two interconnected ideal CSTRs (Fig. 9.11). Here the reactor 
contents have been divided into two smaller, completely mixed regions. The feed 
and effluent streams pass through region 1, whose volume is a fraction x of the 
total reactor volume. In turn, region 1 exchanges material with stagnant region 2 
at volumetric flow rate F’. If we assume Monod growth kinetics. with constant 
yield factor, the following mass balances describe steady-state conditions in this 
system: 


xı = Vy(sp—5,) region 1 substrate (9.66a) 
Xa — X; = Vyjs(S1 — S2) region 2 substrate (9.66b) 
T ER xı =(1+yD)x, region 1 cells (9.66c) 
s 1 
s : 
xX, + (1 — ayes T X2=X, region 2 cells (9.66d) 
s 2 
V F 
where =F D = vie nominal dilution rate (9.67) 


The dilution rate at washout for this model is obtained by setting sy = sy = Si: in 
Eqs. (9.66) to obtain 


D 


= Umax Sp [ oe (1 — 4)’ UmaxSo¥ É T (9.68) 


washout —_ K, 4 Sy K, + So — (1 aa a)y Hmax So 


Since the first expression on the right-hand side is identical to the washout dilu- 


_ tion rate for the perfectly mixed system [Eq. (7.16)], the effect of incomplete 


mixing is to increase the value of Dy, snour- If the bracket on the right-hand side of 
Eq. (9.68) happens to be negative, it indicates that washout is impossible. (What 
does this mean physically?) 

Figure 9.12 shows the effluent cell concentration x, and biomass produc- 
tivity x,D as functions of the dilution rate for y = 0.5 and a variety of volume 
fractions x. In this figure, which was computed using the K, and sọ values from 
Fig. 7.10, the change in the x-vs.-D curve as æ changes from 1 (perfect mixing) 
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Cell concentration. x. g/L 


Figure 9.12 Exit cell concentration x, 
as a function of dilution rate D and 
active zone volume fraction y for dead 
zone model of Fig. 9.11. The upper 
portion of the figure shows biomass 
Dilution rate. D. h7! production rate x,-D(; = 0.5). 


to 0.9 or 0.85 (small stagnant zone) is very similar to the difference between 
the chemostat theoretical and experimental data given in Fig. 7.10. Moreover, 
the value « = 0.9 corresponds roughly to the vessel volume fraction above the 
impeller in the experimental reactor used to obtain Fig. 7.10. 

In examining RTDs so far we have concentrated on reactors with continuous 
flow of medium and cells, but we should remember that a gassed-batch bioreac- 
tor has continuous throughput of gas. Thus, RTD measurements have been used 
to characterize gas holdup and mixing in batch reactors. These studies indicate 
major effects of type of contactor employed and reaction mixture rheology. For 
example, a CSTR in series with a PFR gives RTD behavior closely approximat- 
ing measured gas RTDs in mechanically agitated tanks for water, water-salt, and 


Saccharomyces cerevisiae suspensions which all have low viscosities. On the other. 


hand, in high viscosity solutions in agitated tanks, more complicated gas RTD 
behavior is evident. Figure 9.13 shows the measured internal age distribution for 
sparged gas flow through a 10 g/L suspension of Penicillium chrysogenum in an 
agitated vessel of standard dimensions. Here, a plug-flow element must be added 
to the model of Fig. 9.11 in order to fit the experimental result. 

This type of model, commonly called a combined-model or a mixed model, 
consists of interconnected idealized reactor types. It is but one of a wide class of 
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i Figure 9.13 Experimentally measured internal age distribution for gas in an agitated vessel (A). The 
incus ae solid line is the internal age distribution calculated from the mixed model shown above with the 
a: parameter values indicated. ( Reprinted by permission from M. Popovic, A. Papalexiou, and M. Reuf. 


reac- i “Gas Residence Time Distribution in Stirred Tank Reactors,” VI International Fermentation Sympo- 

used E sium, London, Canada. 1980.) 

dicate i 

$ For ii possible representations of incomplete mixing. Combined models have the advan- 

amat- i tages of serving at once as a useful conceptual tool for thinking about fow and 

t, and oi mixing in the reactor, as a basis for computing the performance of the nonideal 

other | vessel as a reactor, and as a guide for constructing laboratory reactors to study 

RTD 4 effects of nonidealities in large-scale equipment. 

on for H Once a combined model such as any of those shown above has been adopted 

in an a to describe a particular nonideal bioreactor, the combined model can be used to 

added calculate the performance of the vessel as a reactor. That is, the reaction kinetic 
et expressions and material balances on substrates, products, and reaction effectors 

model, | are written and solved in the context ofthe combined model network. This 
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procedure has already been illustrated above in Eqs. (9.66) for the combined 
model in Fig. 9.11 and simple Monod kinetics. However, we must be cautious 
and recognize the potential limitations in this approach, since a combined model 
while adjusted to be consistent with the actual reactor RTD, will not in general 
possess identical micromixing and circulation characteristics compared to the 
real system. Accordingly, the combined model may fail to approximate reason- 
able system performance as a reactor. For example, the combined models shown 
in Fig. 9.11 will give the same RTD if the plug-flow tube element is put at the 
start rather than at the end of the network, but these two configurations will not 
give the same results for nonlinear kinetics. However, they will give the same 
output for a reaction network consisting entirely of first-order kinetics or for a 
first-order process such as mass transfer. 

Although still subject to the limitations just described, mixed models can be 
extended in some situations to encompass nonuniform reaction conditions. Often 
there is a reasonable intuitive physical correspondence between the different ideal 
regions in a combined model and actual physical domains and environments 
within a bioreactor. For example, we have already mentioned in connection with 
the combined model of Fig. 9.11 that one region might represent the impeller 
zone and the other region the bulk of the tank. If air sparging enters the system 
near the impeller, it is reasonable to consider the dissolved oxygen levye] +o. be 
relatively high in that part of the combined model and the dissolved Oxygen level 
to be relatively low in the bulk of the tank far from the impeller in a large-scale 
reactor. Thus, we could superimpose on the different interconnected tanks esti- 
mates or measured values of reaction conditions in different zones of a bioreactor 
and take these into account when calculating reactor performance. 

In such situations, our knowledge of the biological kinetics may be inade- 
quate to simulate reaction behavior properly under such fluctuating conditions. 
We shall return to this topic in the following section. To the extent that a com- 
bined model with different reaction conditions in different ideal elements js useful 
in describing the behavior of real, large-scale bioreactors, we can see now one 
approach to the problem of scale-down. Scale-down refers to a reasonable meth- 
od for designing small-scale experiments in the laboratory to attempt to simulate 
and to study operation of nonideal large-scale reactors. Since the idea] systems, 
especially CSTRs, can be well approximated on a small scale, using a set of small 
reactors and pumps and interconnections, we can set up on a small Scale in the 
laboratory the physical counterpart of the combined model. We can, in this 
model, scaled-down system, apply different levels of mixing intensity in different 
tanks, different aeration levels, different pH values, and other tank-to-tank varia- 
tions in order to try to study and simulate the effects of such nonuniformities oD 
performance and on biological reaction kinetics in large-scale Systems. This ap- 
proach is applicable to batch reactors as well as to continuous-flow reactors, 

Different types of combined models involving a sequence of idea] CSTRS 
(Fig. 9.14) are usually used to simulate staged and column bioreactors and mix 
ing configurations which more closely approximate plug flow. We can calculate 
the RTDs for these models by again setting up tracer mass balances on the 
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(a) Tanks in series 


Cy 


(L+r)F 


(l+ayF 


tc) Series tanks with backflow 


Figure 9.14 Schematic diagrams of different tanks in series designs and models: (a) tanks in series: 
(b) stirred tank train with recycle; and (c) series tanks with back flow. 


stirred-vessel cascade and evaluating the response to a unit-impulse input. Carry- 
ing out the necessary algebra for the system of Fig. 9.14a subject to the usual 
assumption that the total reactor volume V, is divided into N equally sized tanks 


V, 
i= te aires (9.69) 
gives 
NY NES NF 
E(t) = |) {No — — 9.70 
Z Tee, : ep ( V r) ay 


Plots of this function for a variety of N values are given in Fig. 9.15. The shift in 


6(t) with increasing N from an exponential decay to a pulse at t = Vg/F is 
apparent. 


The variance of the RTD in Eq. (9.70) is 


i 

2 
a= N (9.71) 
This relationship is useful in developing a series CSTR model for an arbitrary 
vessel whose RTD has been experimentally determined. Taking the total staged- 
CSTR system volume Vz and flow rate F as in the actual process makes the mean 
residence time for the model match that of the real vessel. Taking N equal to the 
reciprocal of the experimentally measured variance for the real vessel RTD then 
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Figure 9.15 RTDs for N ideal CSTRs in 


reactor volumes = Vg’ N). 


ensures that the series-CSTR model RTD has the same second moment as the 
vessel of interest. If the vessel’s RTD has a shape similar to those given in Fig. 
9.15, the tanks-in-series model so derived will probably provide an adequate 
approximation of the real reactor’s performance. (Remember that identical RTDs 
guarantee identical reactor performances only for total segregation or first-order 
kinetics). Notice as N — x, the RTD for this model approaches that for an ideal 
PFR. 

Figure 9.16 shows the results of experimental RTD studies of cocurrent per- 
forated plate towers. In both experiments three plates separated the column into 
four sections, but in case 1 the plates had 3-mm holes; 2-mm holes were used in 
case 2, with the total hole area held at 10 percent in both instances. Comparing 
the experimental RTDs with the theoretical result for N = 4 in Fig. 9.16 reveals 
that the plates with 2-mm holes provide good staging. Evidently there is some 
backflow through the plate perforations when they exceed the 2-mm size. Thus, 
in this case RTD data provide a useful design guideline for preserving the desired 
segregation in the tower. 

Sometimes the addition of a growing microbial phase to a reactor dramati- 
cally alters its RTD. In the measured RTD of Fig. 9.17a, the eight-plate tower 
with no growing organisms exhibits a clear staging effect. When baker’s yeast is 
grown in the same system. however, the RTD measured by a variety of tracers 
closely corresponds to an ideal CSTR (solid curve in Fig. 9.175) rather than to an 
eight-CSTR cascade. This breakdown in staging effect is apparently due to sedi- 
mentation of the yeast suspension. By changing the column design so that four 
plates had only 3 percent hole area, the RTD with yéast-growth became nearly 
that of a four-CSTR cascade. 
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Figure 9.16 RTD data showing flow characteristics of a cocurrent perforated plate column. (1) Hole 
diameter = 3 mm, plate-area fraction = 0.0981. (2) hole diameter = 2mm, area fraction = 0.0975, 
3 in (3) calculated from four CSTRs-in-series model. (Reprinted from A. Ketai et al., “ Performance ofa 
jual Perforated Plate Column as a Multistage Continuous Fermentor,” Biotech. Bioeng., vol. 11, p. 91, 
1969.) 
the Next we examine the performance of the CSTR cascades in Fig. 9.14 as 
Fig. bioreactors. The mass balance on an arbitrary component c in the jth tank is 
iate i 
[Ds | Fej- — Fc; + VF fe =0 (9.72) 
rder tank j 
deal For example, if we consider microbial growth in the tanks-in-series system with 
non-sterile feed (x; #0). the biomass balances for tanks 1 through N are 
er- 
oe F(x,;~x,)+ Viuyx, =0 
d in F(x;_, —X)+ Vip X= 0 J=2, 3,---,N (9.73) 
n 
eo These equations can be solved recursively to yield 
ve 
: Fx 
pws ee ee (9.74) 
hus, F— Vin; 
sired and 
A Fi- ry : 
mati- X= a J=2,...,N (9.75) 
Sick © (E= By VAX ~ 1 V,)-—(F V) 
ast is For the case of equal volumes, the simpler form 
racers ; 
DI- 3x 
toan me - (9.76) 
, sedi- (D; — 4XD, — fs) (D} — H;) 
s 
t four results from Eq. (9.75). Here D, is the dilution rate of an individual tank 
nearly (=F;V,). : 
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o Air flow rate 4.4 L/min 
1.0 

@ Air flow rate 9.0 L/min 

& Air flow rate 14.5 L/min 
0.8 


A Air flow rate 20.5 L/min 


0.6 


0.4 


g(@) 
Dimensionless effluent concentration, c/cy 


0.2 


0 ae see |e 
0 0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0 2.25 . 


Dimensionless time, @ = Ft/Vp 


(a) 


© Labeled phosphate-grown cells ` 
} Exit conc. 


O Tritium labeled water 


@ Labeled phosphate-grown cells 
Ist tank 


@ Tritium labeled water 
P(e” Jeo 


In Cic = - 
(y= Tt 


a g(8) 
Dimensionless effluent concentration, c/co, ¢,/co 


Dimensionless time. 0 = Ft/Vp 
(b) 


Figure 9.17 Measurement of RTD in an eight-plate tower (hole void fraction = 0.15) by different 
methods and under different operating conditions. (a) Salt tracer data show that the increased aera- 
tion flattens and broadens the residence time distribution. (b) Yeast cells present in the column; both 
labeled water and labeled cells used as tracers. (A. Prokop et al., “ Design and Physical Characteristics 
of a Multistage, Continuous Tower Fermentor,” Biotech. Bioeng., vol. 11, p. 945, 1969.) 
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We can deduce the effect of staging and recycle on the washout dilution rate 
Dmax by examining the system of Fig. 9.14b. Assuming Monod growth kinetics 
with a maintenance term [Eq. (7.22)]. sterile feed. equal volumes. and a constant 
yield factor, it has been shown that D max Satisfies 


Hea a RS L a 


= : 9.77 
Digs k= (ke max (l T K Sy) l 
where as usual D is defined in terms of the overall process 
Dees 9.78 
WR NV, ON ae 


Setting r=0 in Eq. (9.77) gives the critical dilution rate for the equal-volume 
cascade without recycle. If in addition to r = 0, we take k, = 0 so that the growth 
kinetics is of classical Monod form. Eq. (9.77) reduces to the familiar expression 
[see Eq. (7.16)]. 


Ding, = ome (9.79) 
s 0 


This result is expected on intuitive grounds: if washout occurs in the first tank in 
the equal-volume train, it will also prevail in the second, third,..., and Nth tank. 
(What happens in the nonequal-volume case if F > V DS, forj = 1, 2,...,k— 1 
and F < \,D*,.? 

A close conceptual analog of the CSTR cascade with backflow (Fig. 9.14c) is 
the dispersion model. A modification of the ideal PFTR, the dispersion model is 
derived by considering an axial diffusion process which is superimposed on the 
convective flow through the tube. Returning to the thin-section model described 
in Fig. 9.5, we add a dispersion flow A(D_dc/dz). into the section and subtract a 
similar term A( ~ D_dc/d=)...4, for diffusion out of the thin slice on the left-hand 
side of Eq. (9.13). The same manipulations and limiting processes as followed 
that equation produce the dispersion-model mass balance 


duc) d dc 
fee Q i) tte (9.80) 


Usually u and the effective axial dispersion coefficient D, are approximately con- 
stant for liquids. so that Eq. (9.80) becomes 


u- = D,- ok (9.81) 


Since Eq. (9.81) is a second-order differential equation, two boundary condi- 
tions are required. The generally accepted ones are 


d 
wey = (uD, $) (9.82) 
z=0 
dc 
aa Ee (9.83) 
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When D, is not too large, which is often the case, the complicated condition 
(9.82) can be replaced by 


= cy 9.84) 


z=0 


c 


In this case the variance of the dispersion-model RTD is 


2 1 
7=>—|/1——(1-e7P* 9.85 
o al ae | (9.85) 
where the axial Peclet number Pe is defined by 
uL 
= — 9.86 
Pe 7 (9.86) 


Physically Pe may be regarded as a measure of the importance of convective 
mass trasport (~uc) relative to mass transport by dispersion (x D,c/L). Con- 
sidering the limits of Eq. (9.85) as Pe +0 and Pe > œ, we see that the former 
case gives g? = 1, which is identical to the ideal CSTR variance. In the limit of 
very large Peclet numbers, ø? + 0, which corresponds to plug flow. As with the 
tanks-in-series model, Eq. (9.85) can be used to evaluate Pe for the dispersion 
model from an experimentally determined o?. When Monod kinetics with main- 
tenance is used, the dilution rate D,,,, at washout for the dispersion model is 
given by 

4 Pe(1 + K,/s,) 


Hmax o 4 (9. 87) 


D max 7 I = (K./Umax)(1 + K Jsp) 


As the relative influence of dispersion becomes vanishingly small (Pe > 0), Dmax 
decreases to zero. This agrees intuitively with the notion that an ideal PFTR with 
sterile feed will not support a biological population. 

It is important to realize that the axial dispersion coefficient D, is not usually 
equal to molecular diffusivity. It is a modeling parameter which, when chosen 
properly, allows the dispersion model to represent some of the mixing effects of 
several physical phenomena. We shall mention three here: laminar flow in tubes, 
turbulent flow in pipes, and flow in packed beds. 

If axial and radial diffusion characterized by diffusivity 2 is superposed on 
axial convective transport by laminar flow, it can be shown that an effective axial 
dispersion coefficient is given by 


ud? 


88 
1929 (9:28) 


D,=2+ 


Here u denotes the average axial velocity (=4 centerline velocity). The dispersion 
model with D, given by Eq. (9.88) provides an excellent approximation to 
the RTD for laminar flow with diffusion provided..the tube is long enough 
(L> d?/402). 
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In turbulent flow in pipes (Re > 2100), motion of macroscopic eddies of fluid 
provides an important mechanism for mass, momentum, and energy transport. 


The effects of eddy transport closely resemble those of molecular-diffusion pro- 
cesses, but turbulent-diffusion fluxes are usuall 


y much greater in magnitude than 
) their molecular counterparts. Consequently, the effective dispersion coefficient in 
this case depends mostly on-the state of fluid flow. While the turbulent-flow 
g Peclet number is typically of the order of 3, it falls with decreasing Reynolds 
J g number. This trend in turbulent flow as well as a variety of laminar-flow data are 
) displayed in Fig. 9.18. Perhaps the most important biological reactor involving 
i” flow in empty tubes is the continuous liquid sterilizer, which is examined in 
it detail in the following section. 
| i In some reactors with immobilized biocatalysts the tube is packed with parti- 
) 1 f cles. These particles are fixed in the bed while the fluid flows around the particles 
1 and through the tube. Because fluid is constrained to flow in the interstices 
i between pellets, a fluid element passing axially through the bed undergoes some- 
$ IE thing like a random walk in the radial dimension. The effect of this particle- 
Ip i i interrupted sojourn on the RTD of the system can be described by the dispersion 
of i : 
e pi 
m i 
a | 
is 
1) : Flow in pipes 
a 
nax it i 
th g 
lly 
sen 
of 
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on Theoretical. from Taylor 
cial ey OF 
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_ to 4 Figure 9.18 Correlations for the axial Peclet number (Pe) in terms of the Reynolds (Re) and Schmidt 
ugh : (Sc) numbers for fluid flow in Pipes. 
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Figure 9.19 Correlations for the axial Peclet number Pe, for flow in packed pipes. Notice that the 
dimensionless groups are based upon particle diameter d, rather than the pipe diameter d,. 


model. Theory suggests that an axial Peclet number based on particle diameter, 
Pe,, defined by 


Pe. — fe (9.89) 


is approximately 2 in this instance, where d, is the pellet diameter. Experimental 
studies confirm this result under some circumstanes, but dependence of Pe, on Sc 
and Re, is apparent in Fig. 9.19. 

In closing this discussion of dispersion-producing processes, we should note 
that there are many additional possibilities, including pipe bends and gradations 
in depth contours in rivers and streams. Theory is of little help in identifying D, 
for these complicated flow situations, and we must consequently rely on mea- 
sured RTD data to determine an appropriate D, value. 

The tanks-in-series and dispersion models are both one-parameter (N and 
D,, respectively) nonideal mixing models. In different fashions each spans a con- 
tinuum of mixing and segregation states ranging from ideal CSTR to ideal 
PFTR. Thus we are faced with a choice of which model to use. In terms of 
convenience of computation and analysis, the tanks-in-series representation 1s 
usually far superior. Also application of the dispersion model is prone to difficul- , 
ty when backmixing (c°) is large. However, Fig. 9.14 shows that a very large 
number of tanks is necessary to represent situations near plug flow. Consequent- 
ly, as a general rule of thumb, the dispersion model is usually preferable for small 
deviations from plug flow (say g? of the order of 0.05 and smaller), while the 
tanks-in-series formulation is superior when there is substantial backmixing 
(a? > 0.2). This latter case is typical of fermentors and biological waste-treatmen! 

basins. The first is encountered in continuous sterilization of liquids, considered 


later in this chapter. 
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9.3.4 Mixing-Bioreaction Interactions 


Flow and transport phenomena on different scales influence the kinetic behavior 
of cells. Effects imposed at a certain length scale (recall Fig. 9.2) can influence the 
observed kinetics of cell populations in different ways. It is important to recog- 
nize this connection so that kinetic measurements and models.can be developed 
under conditions which will resemble in some senses those encountered in the 
large-scale reactor. In this section we examine some of the interactions of 
cellular kinetics and mixing in bioreactors. 

We shall begin at the largest scale in which bulk circulation patterns carry 
the cells into different regions of the reactor which, as noted before, typically 
have different dissolved oxygen and turbulence levels in large-scale equipment. 
The role of bulk circulation in influencing overall cellular kinetics can be appre- 
ciated using a simple example. Suppose that oxygen is supplied locally at some 
region of the reactor (as occurs in a stirred tank) and that utilization of oxygen 
occurs in segregated fluid elements circulating in the reactor. This is not an 
unreasonable view for highly viscous fermentation situations. If one starts with a 
saturated oxygen concentration in water of 0.3 mol m~? and considers reason- 
able oxygen uptake rates in the range of 10-100 mol h`! m~3, oxygen will be 
exhausted in a segregated fluid element after 11 to 50 s. This is of the same order 
of magnitude as the mixing time in a large-scale reactor. 

In order to put this impact of fluid circulation in a more quantitative and 
general perspective and to take into account the statistical distribution of circula- 
tion times, we shall examine the performance characteristics of a batch reactor in 
which the circulation time distribution is f(t). Further, we assume that a zero- 
order reaction occurs in completely segregated fluid elements. Extension to other 
types of local reaction kinetics such as Michaelis-Menten kinetics is straight- 
forward and only slightly complicates the calculations involved. The qualitative 
conclusions, however, remain the same. For such a zero-order reaction, with rate 
constant ky and with initial reactant concentration So, the concentration in a 
fluid element varies with time according to 

rom f — kot t <S te = ko/So 


; ee (9.90) 


Here we define time t, for nutrient exhaustion which is equal to k,/s). We shall 
define F here as the fraction of time a fluid element spends in conditions where 
nutrient has been completely exhausted. This fraction can be computed using 


Fe | À sof: = ] dt (9.91) 


where f denotes the mean circulation time. Assuming that f(t) is a log-normal 
distribution [Eq. (9.43)], Eq. (9.91) has been evaluated for different relative 
values of the parameters f, te, and the standard deviation o of the mixing 
time distribution. Results indicated in Fig. 9.20 illustrate clearly that exposure of 
cells to starvation conditions increases as the. mean circulation time and as the 
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fraction of time starved 


F= 


Figure 9.20 The fraction of time cells in circulat- 
ing fluid elements are starved as a function of the 
dimensionless circulation time and the coefficient 
! i 3 of variation of the circulation time distribution 


Di ; . a - 
'e€nsionless circulation time, t/t (Ref. 19). 


ner evation of circulation times increase. The quantity 1 — F may be 
been obtai as the yield of the bioreactor relative to the yield that would have 
indicates ee with nutrient provided at all points in the vessel. This calculation 
as to mini at, for a given circulation time, it is preferable to design the reactor so 
Mize the dispersion of mixing times about the mean. 
effects iti just considered, while informative, does not take into account the 
around es transient environmental conditions encountered during sojourns 
scales for ree: may have upon cellular kinetics. As noted in Fig. 9.1 , the time 
for certain 'Teulation in large scale bioreactors are comparable to the time scales 
developed metabolic processes and adjustments, indicating that kinetic models 
apply whe Under much different mixing conditions in a small reactor may not 
are oi &reater mixing times and greater reaction environment fluctuations 
“tered at larger scale. 
10.2 ms ie ae conducted with the on-line fluorometer system described in Sec. 
ing times i illustrate the similarity of mixing and biological response times. ae 
working ne aerated (0.5% v/v) 70-L, mechanical agitated fermentor with se 
H,SO a ume have been measured by injecting pulses of quinine in 0.05 
wen char ution and measuring transients in culture fluorescence. This measure 
quently pues fluid circulation and mixing processes in the reactor. ae 
Gye Ghee responses were measured after pulse addition of glucose 0 
dine E a Here, the fluorescence is produced by intracellular reduced py” 
reaction in tides, the levels of which are highly sensitive to the rate of age 
response t; the cell. Thus, the second measurement provides information on a 
diffusion À me of the complete sequence of transport processes (bulk mixing : 
ent use. © Cells — transport into cell) and metabolic reactions involved in nut! 
Table 9 3 shows the mixing time and the overal} substrate utilization ! 


sponse tj > ; ; ae : . : 
time in this reactor at different stirring speeds. Interestingly, the biolog!©4 
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Table 9.3 Comparison of reactor mixing times and yeast glu- 
cose response time (all in seconds) as a function of mixing 
rate in a 70-L (40-L working volume) stirred bioreactor with 
0.5 v/v/m aeration. 

t Reprinted by permission from A. Einsele, D. L. Ristroph, and A. E. Humphrey, 
“Mixing Times and Glucose Uptake Measured with a Fluorometer” Biotech. 
Bioeng.. vol. 20, p. 1487, 1978.) 


200 rpm 500 rpm 700 rpm 


Intracellular fluorescence response time 8.5 6.8 5.9 
Bulk mixing response time 42 2.5 LS 
Difference = biological response time 4.3 4.3 4.4 


response time for local glucose uptake and utilization is, as might be expected on 
intuitive grounds, essentially the same_in all three cases, while the mixing time is 
reduced as agitation speed is increased. Another very significant fact indicated by 
these data is the similarity in order of magnitude for the response time for local 
glucose uptake and utilization and the mixing time for the reactor. This indicates 
that. as cells circulate in the reactor and encounter spatially inhomogeneous 
conditions, the metabolism of the cell may always be in a transient state since it 
does not respond much more rapidly than the characteristic time scale for envi- 
ronmental fluctuations due to liquid circulation. 

Several experimental investigations have explored the influence of transient 
conditions on metabolism and noted significant effects. In a closed tubular-loop 
fermentor in which oscillations in dissolved oxygen levels are encountered 
around the loop, a culture of Candida tropicalis showed increased biomass yield 
based on substrate, reduced oxygen utilization for biomass production, and lower 
respiratory quotient. Opposite effects were observed in imposed oscillations in 
dissolved oxygen level in a continuous culture in Pseudomonas methylotropha ASI 
with methanol and carbon and energy source. In this case, decreased biomass to 
substrate yields and decreased growth rates were observed. In another experi- 
mental study, sinusoidal fluctuations of dissolved oxygen level with a period of 
2 min. and a mean of 30% of air saturation were imposed on a culture of Penicil- 
lium chrysogenum P1. In this case, the specific penicillin production rate de- 
creased significantly, resembling the effect expected at a lower mean dissolved 
oxygen level. This shift indicates a significant transient nonlinear effect on the 
bioreaction. 

Turning now to the smaller scale of turbulent velocity fluctuations, we can 
expect important interactions between the turbulence intensity at different scales 
and the morphology (and thereby potentially the metabolic state) of certain 
organisms. This connection is expected to be most important for those organisms 
that grow to a size scale comparable to the turbulence scales expected. These 
Scales range from the largest eddies, on the scale of the height of a turbine blade 
in an agitator, say 0.1 m, to the smallest eddies which are produced by the 
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cascade of transmission of turbulent energies (Sec. 8.3). In agitated bioreactor 
systems, this smallest eddy size is of the order of 20-100 um. To determine the 
biological structures influenced by velocity fluctuations on this scale, we can note 
in Fig. 9.2 that flocs of microorganisms and mycelial aggregates are intermediate 
in the size spectrum of turbulence and therefore will be substantially influenced 
by mixing intensity and the distribution of turbulence fields encountered in the 
reactor. 

We have already discussed the effects which overall cellular aggregate size 
can have on overall rates due to diffusion limitation. Here we shall concentrate 
on more subtle effects which involve changes in morphological structure and 
metabolic state which substantially influence the fermentation. One interesting 
example of this class is the influence of mixing intensity upon growth, product 
formation, and nucleotide leakage from various mutants of Aspergillus niger 
which produce high levels of citric acid. As indicated in Fig. 9.21, the total bio- 
mass productivity increases with increasing agitation strength, but the depen- 
dence of citric acid production on agitation intensity is more complicated, 
exhibiting strong maxima with respect to agitation intensity for the three mutants 
considered. Parallel studies of nucleotide release as a function of agitation speed 
showed patterns which depended upon the strain. For some strains, increasing 
mixer speed gave higher levels of released nucleotides while for one strain the 
opposite and unexpected effect of decreasing nucleotide release at higher mixer 
speeds was noted. The effect of mixer speed on morphology of the mycelium for 
this unusual mutant is shown in Fig. 9.22. Here in micrographs of the organisms 
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Figure 9.2} Curves 1 through 3 show citric acid accumulation after seven days’ fermentation at 
different turbine agitation rates for Aspergillus niger strains $59, N233, and E81, respectively. Curve 4 
is the corresponding biomass dry weight for strain S59. (Reprinted by permission from E. Ujcova, Z 
Fencl, M. Musitkova, and L. Siechert,“ Dependence of Release of Nucleotides from Fungi on Fermentor 
Turbine Speed.” Biotech. Bioeng., vol. 22, p. 237, 1980.) 
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Figure 9.22 Microphotographs (400 x) showing different mycelial morphology and septation in A. 
Niger S59 cultivated at (a) 400 and (b) 1200 rpm. (Reprinted by permission from E. Ujcova, Z. Fencl, 


M. Musi’lkova, and L. Seichert, “Dependence of Release of Nucleotides from Fungi on Fermentor 
Turbine Speed,” Biotech. Bioeng., vol. 22, p. 237, 1980.) 
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we see long, thin, and sporadically branched filaments with relatively few septa at 
low agitation speeds, while the hyphae are thicker, highly septated, and more 
densely branched and twisted at higher agitation speeds. This example points out 
that mixing intensity can have a profound effect_on the organisms which in- 
fluence process kinetics in a substantial way. 

In the discussions and examples in this section, we have tried to indicate 
that, because of the potentially complicated response of growing cells to physical 
and chemical environment and our inability to develop a generally applicable 
kinetic model valid for all circumstances, we must be careful to recognize the 
interaction between chemical and physical environment provided in a certain 
bioreactor and the corresponding kinetic description which is appropriate and 
indeed necessary. The difficulty of reliable scale-up in cases of strong sensitivity of 
kinetic behavior to environmental fluctuations should be obvious. In such cases, 
we must look to reactor designs which provide reaction environments which are 
as well defined as possible—not necessarily uniform; this may be extremely diffi- 
cult on a large scale. However, by use of some of the alternative bioreactor 
configurations considered in Sec. 9.7, we can reduce the variance of mixing times 
and the degree of environmental fluctuations in order to achieve a better defined 
contacting situation for which we can seek correspondingly valid kinetic descrip- 
tions. Basically, we cannot expect success in rational, predictable scale-up of 
bioreactors until we have better understanding of the transport processes at sev- 
eral scales and the bioreaction kinetics at several levels and can then synthesize 
these to calculate accurately reactor performance. 


Example 9.1: Reactor modeling and optimization for production of a-galactosidase by a Monascus sp. 
mold The enzyme a-galactosidase may be useful in the beet-sugar industry because it can decompose 
raffinose, an inhibitor of sucrose crystallization. In a fascinating series of papers, Imanaka, Kaieda, 
Sato, and Taguchi’ have investigated production of this intracellular enzyme by a mold they isolated 
from soil. Their original work deserves serious study: here we summarize some of the major results of 
their investigations. 

As a first step in developing highly productive continuous processes for enzyme synthesis, batch 
and continuous cultures of the mold were cultivated under a variety of conditions. We list next the 
major findings from the batch experiments: 


1. Among 20 different carbon sources including glucose, fructose, mannitol, and starch, only four 
sugars were effective in inducing high a-galactosidase activity. The strong inducers are galactose, 
melibiose, raffinose, and stachyose. 

2. Ammonium nitrate gave more enzyme production than the alternative nitrogen sources urea, 
KNO,, (NH,),SO,, and peptone. The optimal NH,NO, concentration in the medium is be- 
tween 0.3 and 0.5 percent by weight. 

3. When grown in a galactose medium, the cell mass is directly proportional to the a-galactosidase 
activity. When a mixture of glucose and galactose was used as the carbon source, diauxic growth 


t The material in this example is drawn chiefly from T. Imanaka, T. Kaieda, K. Sato, and H. 
Taguchi, “a-Galactosidase Production in Batch and Continuous Culture and a Kinetic Model for 
Enzyme Production,” J. Ferment. Technol. (Japan), 50:633, 1972, and T. Imanaka, T. Kaieda_ and 
H. Taguchi, “Optimization of -Galactosidase Production by Mold; N, HL” J. Ferment. Technol. 
{Japan}, 51:423, 431, 1973. 
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Figure 9E1.1 Results of batch cultivation of a Monascus sp. mold in a mixture of glucose and galac- 
tose [initial medium composition: glucose 1 °% (by weight), galactose 0.3 % NHNO, 0.5%, KH,PO, 
0.5%, MgSO,:7H,0O 0.1 %, yeast extract 0.01 °4]. The inoculum was grown in a glucose medium. The 
initial conditions used in the calculations were x= $ x 10°* g/mL, s; = 1 x 1072 /mL. s, = 3x 
10°? gm/mL, 52, = 0 ug/mg cell. rs,, = 0.910 ug/mg cell, e = 0 units/mg cell. [Reprinted from T. 
imanaka et al., “ Unsteady-state Analysis of a Kinetic Model for Cell Growth and x-Galactosidase 
Production in Mold,” J. Ferment. Tech, (Japan), vol. 51, p. 423, 1973.] 


was observed (see Fig. 9E1.1); almost no galactose is consumed until the glucose is nearly ex- 
hausted. 

4. Figure 9E1.1 also shows that x-galactosidase production does not start until the glucose is almost 
gone. Separate experiments revealed that glucose concentrations greater than 0.05 percent by 
weight repress synthesis of the enzyme. 


Two different series of steady-state continuous-culture experiments were conducted in a single 
CSTR. In the first series, the dilution rate was initially at a very low level, and it was increased slowly 
in a stepwise fashion (shifted up) with observations of Steady-state behavior at each D along the way. 
The data so observed are plotted in Fig. 9E1.2. Especially interesting is the discontinuous jump 
evident at D = 0.142 h`}, Below this dilution rate, galactose is being consumed and x-galactosidase is 
synthesized. When D is increased above 0.142 h~', however, both these activities stop and glucose 
alone is utilized as the mold’s carbon source. Evidently, this jump is a manifestation of the glucose 
effect, already seen in batch culture of this organism. When cultivated under relatively large specific 
growth rates (large D’s), the mold preferentially feeds on glucose. 

Figure 9E1.3 illustrates the results of a similar series of experiments, except that here the CSTR 
was started up at a high dilution rate. Then, in a sequence of shift-down Steps, the dilution rate was 
gradually decreased. While less sharp than the previous case, another discontinuity occurs, this time 
around D = 0.008 h~!. Below that critical dilution rate, enzyme is produced and galactose is assimi- 
lated, while no a-galactosidase activity is evident for D > 0.008 h~?. This is in marked contrast to the 


-shift-up experimental results, where enzyme production was apparent up to D= 0.142 h^. 


Replotting some of the data from the previous two figures in Fig. 9E1.4 clearly shows that this 
system exhibits multiple, stable Steady states between D = 0.008 and D = 0.142 h~?. For dilution 
rates between these limits, whether or not a-galactosidase is produced depends upon how the reactor 
is started up. Shifting down into this range results in no enzyme synthesis, while shifting up will 
Provide x-galactosidase production. 

Based upon these and other experiments, a mathematical model for substrate utilization, cell 
growth, and product synthesis was developed. In most respects, the individual model equations in 
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Figure 9E1.2 Steady-state cell and substrate concentrations and specific enzyme activity observed 
during gradual shift up of dilution rate for continuous culture (30°C). Initially the medium contains 
2% glucose and 0.5% galactose. / Reprinted from T. Imanaka et al., “Optimization of x-Galactosidase 
Production by Mold,” J. Ferment. Tech. (Japan), vol. 50, p. 633. 1972.] 


Table 9E1.1 are familiar from our earlier studies: the specific growth rate u, based on galactose is of 
Monod form, while the specific growth rate of glucose u, includes competitive inhibition by galactose. 
All the constants in these growth-rate functions were evaluated for two different media from contin- 
uous-culture experiments. Parameters labeled G in Table 9E1.2 correspond to a glucose medium (20 g 
glucose, 5 g NH,NO3;, 5g KH,PO,, 1 g MgSO,-:7H,O, 0.1 g yeast extract in 1000 mL tap water at 
pH 4.5) while the p subscripts refer to a galactose medium advantageous for enzyme production (5 g 
galactose, 5 g NH4NO;, 5 g KH,PO,, 1 g MgSO,-7H,O in 1000 mL tap water, pH 4.5). 

The model for enzyme production is based upon the operon theory of induction, studied in 
Chap. 6. The specific rate of z-galactosidase synthesis is proportional to the intracellular concentra- 
tion of mRNA which codes for that enzyme. This mRNA is assumed to decompose by a first-order 
reaction and is produced provided the intracellular concentration of repressor R is smaller than 2 
threshold value r,. Below this threshold value, lower r values cause increased specific rates of mRNA 
synthesis. The repressor is formed at constant specific rate k, and decomposes with first-order specific 
rate k,r. Repressor concentration is also reduced by complexing with the inducer, intracellular galac- 
tose. 

The rate of galactose transport into the cell is given by the term in the intracellular galactos¢ 
mass balance with coefficient U. To take into account the glucose effect this transport term is sêt 
equal to zero whenever the glucose concentration s, exceeds a critical value s,., which is taken to bé 
2.25 x 1074 g/mL. 

Little information is available for direct evaluation of the rate constants in the operon model. 
Values for k, and k, were assigned based on the assumption that the repressor and mRNA half-lives 
are 40 and 5 min, respectively. The other parameter values listed iff Table 9E1.2 were estimated bY 
trial and error to achieve a reasonable fit to the experimental data. 
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Table 9E1.1 Mathematical Model for a-galactosidase production‘? 
ae 


Substrate utilization 


Ujx for j = 1(glucose), 2(galactose) (9E2.1) 


Biomass growth 
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a 
Operon model for enzyme production 


a N 


d : G55, f 
Intracellular galactose: J (S2: x)= ra = Sz; | — kisa- xX - fors; <s, (9E2.5a) 


K m2 + S2 no 


= — k, Sax for $s, > s, (9E2.5b) 
d 
Repressor: a (r-x) = kzs — k3r-x — kgr-sy)-x + k5(rs>,)x (9W2.6) 


Galactose-repressor 


d 
complex: dt [(rsz))x] = kar: s31: x — ks(rsz)x i (9E2.7) 


d kelf. — r)x — kam- x forr. >r  (9E2.8a) 
ht (m-x) = 


mRNA for Grecipedates i ts eine (9E2.8b) 


Enzyme: =, (e-x) = kgm-x (9E2.9) 


tT. Imanaka, T. Kaieda, K. Sato, and H. Taguchi, J. Ferment. Technol. (Japan), 50: 633, 1972. 

t Concentration variables are x = biomass, s, = glucose, s, = extracellular galactose, s3; = 
intracellular galactose, r = intracellular repressor, (rs2,) = intracellular inducer-repressor complex, 
m = intracellular mRNA, and e = intracellular a-galactosidase. The remaining symbols are kinetic, 
yield, and transport parameters. 


Dry weight cells, mp/mbLte) 
> 


This model is certainly attractive because it includes substantial structure which is heavily based 
on established biological principles. On the other hand, we could object to the large number of 
adjustable parameters it contains. Several tests can be applied to investigate the suitability of this 
model. One is based on the following question: Can other models based on different assumptions but 
containing a similar number of adjustable constants fit the data equally well? If so, we cannot place 
much confidence in this particular form. Imanaka et al. conducted several such tests, including cases 
in which (1) intracellular galactose concentration is proportional to galactose concentration in the 
medium, or (2) repressor formation is Proportional to intracellular glucose. or (3) rate of mRNA 
formation is inversely proportional to concentration of repressor. Any of these modifications in the 


model resulted in serious discrepancies with the experimental observations. 
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Table 9E1.2 Parameter values for the mathematical model 
of x-galactosidase production? 
Entries in the right column were evaluated experimentally: the remaining 


parameters were adjusted to fit the batch and continuous-culture results: 
G = glucose medium, 30 C. p = galactose medium, 35 C. 


k, = 40h! Bmax. t = 02157! 
k, = | mg, (mg cells - h) Hmax.2c = 0.208 h7! 
ky= 1h“! Ki, = 1.54 x 1074 g'mL 
ka = 0.1 mg cells{mg- h) Kas = 2.58 x 107+ g'mL 
k= bel hr Mmax.1, = 0.190 h7! 
ke= oe Mmax.2, = 0.162 h7! 
| eae lle K,, = 145 x 107tg mL 
kso = 3.2787 units (mg mRNA-h) K,, = 3.07 x 107*g mL 
ts, = 5.0442 units (mg mRNA -h) K; = 1.39 x 1074 g/mL 
U = 100h7! Y, „ = 0.530 
G, = | mg/mg cells Y,,, = 0.516 
Km = | x 10°78 mg/mg cells Y., = 0377 
Sie = 2.25 x 107* gimL Y,, = 0.361 


r. = 0.934 mg/mg cells 


' T. Imanaka, T. Kaieda. K. Sato. and H. Taguchi, J. Ferment. Tech- 
nol., 50: 558, 1972. 


The other tests of the model which Imanaka et al. considered involved its ability to fit data 
collected under a wide variety of operating conditions. Indeed. this is the 


raison d'être for a complex, 
structured kinetic model. for if the model is sufficiently complete. it can b i 


€ used to determine optimal 


in Fig. 9E1.1 were computed using this model with initial conditions as j 
the fit is very good. 


| mm Calculated | 


“At 


‘a 


units/mg of cells (o) 


Dry weight cells, mg/mLe) 
> 
Sugar concentration. mg/mL 


Specific enzyme activity. 


0 > Ss 10 1S 
Time. h 


Figure 9E1.5 Transient behavior of CSTR continuous culture following a change in dilution rate 
from D = 0.140 h7! to D=0.142h-!. The medium contained two carbon Sources: glucose (2°3) and 
galactose (0.5°). Initial conditions used in the calculation were x = 1.30 x 107? g/mL, s, = 2.23 x 
10°" g mL. s, = 5.01 x 1075 g/mL, S2; = 2.5 ug/mg cell, r = 0.718 ug/mg cell, (rs,,) = 1.28 ug/mg 
cell. m = 1.04 x 107? ug/mg cell, e = 0.297 units/mg cell. [Reprinted from T. Imanaka et al, 
“Unsteady-state Analysis of a Kinetic Model Jor Cell Growth and -Galactosidase Production by 
Mold” J. Ferment. Tech, (Japan), vol. 51, P- 423, 1973.] ee j 
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Table 9E1.3 Optimized operating conditions for six different continuous fermentor 
configurations‘? 
Optimum f 
operating i 
conditions, Specific enzyme Enzyme ; 
Type of D values in activity, productivity, d 
System fermentation process h`! units/mg of cells units/(L -h) ó 
Glu + Gal p 
VO 
1 D = 0.142 0.325 554 ra 
Shift-up system ; 4 to 
| 30°C E 
3 is 
Glu + Gal q Tt 
E inc 
2 D=0.121 0.500 559 E sys 
Shift-up system ; sys 
35°C 
Glu Gal - i 
D, = 0.200 E 
3 D, = 0.250 0.293 415 -E whe 
30°C 35°C a 
E (3). 
Glu Gal obta 
D, = 0.133 | the $ 
4 D, = 0.286 0.500 582 a mate 
D = 0.097 F well 
30°C 35°C ; 
Glu Gal i 
i D, = 0.193 
D, = 2.342 | Z 
5 D, = 0.286 R We = 40 
30°C 30°C 35°C PR RLE t 
| = 306 
D, = 0.178 I 
D, = 0.286 | 3 
Glu Gal D -0.117 0.500 702 4 20( 
C =134 z 
6 : > 100 
D, = 0.266 Š 
30°C 35°C D, = 0.286 
D = 0.145 R vy | o 
C = 200 i 
' T. Imanaka, T. Kaieda, and H. Taguchi, J. Ferment. Technol. (Japan), 51: 558, 1973. Figure ¢ 
* Glucose = 2 percent, galactose = 0.5 percent of the total medium. (System 
‘ Product 
sia 1973.) 
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The model equations for an unsteady-state CSTR can be obtained simply by adding terms of the 
form D (inlet concentration-concentration in the reactor) to each of the batch equations in Table 
9E1.1. Steady-state CSTR mass balances are then obtained by setting all time-derivative terms equal 
to zero. With these equations, the solid lines in Figs. 9E1.2 and 9E1.3 were calculated. The hysteresis 
and jump phenomena observed experimentally are clearly well represented by the model. As a final 
test before turning to reactor optimization, the model was used to compute the transient behavior of 
the CSTR following shift-up. The results predicted by the model as well as experimental data are 
displayed in Fig. 9E1.5: here the agreement between measured and calculated responses, including the 
overshoot of glucose and undershoot of cell concentrations, is quite dramatic. “ 

With the model of Table 9E1.1 thus well established, it was used to compute the enzyme 
productivity of a variety of continuous-reactor configurations (Table 9E1.3). For each design, the 
volumes of the various reactors were adjusted to maximize enzyme production. The overall dilution 
rate D indicated in the table is defined as the total medium flow rate into the system divided by the 
total volume of all reactors in the process. 

We shall examine a few details of systems 3 and 4. In these. as in systems 5 and 6, the basic idea 
is to grow a large cell concentration in the first part of the system using relatively cheap glucose only. 
Then a galactose medium is added at a later Stage to induce enzyme production. Because enzyme 
induction takes some time, it is necessary to take into account adaptation of the intracellular reaction 
systems in the later stage. For this purpose, the induction stage is treated as a completely segregated 
system, and its efluent enzyme activity is computed using Eq. (9.62), which can be rewritten 


e = [aswa (9E1.1) 
s . 


where e,(t) is the enzyme concentration at time 1 computed from the batch-reactor model. In the 
batch calculations the initial conditions used are the concentrations in the feed to the induction stage. 

Using this procedure, the enzyme productivity (= De,x) was computed for the two-stage system 
(3). with results shown in Fig. 9E1.6. The model tevealed that maximum productivity would be 
obtained with D, = 0.20h~!, and experiments performed under that condition showed nearly exactly 
the same D, dependence as predicted by the model. In system 4, a bioreactor designed to approxi- 
mate plug-flow conditions was used for the second stage. Again. the model results (line) agreed very 
well with experimental data (dots) for this process (Fig. 9E1.7). 


First stage dilution rate D,.L‘h 


fa 0.133 
= 400} Pop eee 
Z ra -=-- 0.18 
mi H ri \ \* 
2 300} NN —-— 020 
= l ‘a 
E ! aN 0.21 
Z 200: AN 
= i AW 
o i SY 
Z | y 
3 100} T 
Saon wS 
| ws 
0 Sbeteieeds 
0 0.5 L0 15 2.0 2.5 


Second state dilution rate D. Lih 


Figure 9E1.6 Calculated and experimental enzyme productivity in a two-CSTR continuous culture 
(System 3 from Table 9E1.3). / Reprinted from T. Imanaka et al., “Optimization of x-Galactosidase 
Production in Multi-stage Continuous Culture of Mold, J. Ferment. Tech. (Japan), vol. 51, p. 431, 
1973.) a 
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5% 600 

> 

3 = 500 @ 

3 g 400 Figure 9E1.7 Productivity of enzyme in a 

a = 300 ° CSTR-tubular fermentor cascade (system 4 

E = 300 from Table 9E1.3). / Reprinted from T. Imanaka 

5 100 et al., “Optimization of a-Galactosidase Produc- 
ë tion in Multi-stage Continuous Culture of 

0 100 200 300 400 Mold,” J. Ferment. Tech. (Japan), vol. 51, p. 
Residence time in the second vessel. min 431, 1973.] 


Returning now to Table 9F1.3, we see that well-chosen staged cultures provide substantially 
greater enzyme production than the best single process. For example, system 6 produces 55 percent 
more enzyme than the single CSTR. Clearly the availability of a sound kinetic model and the general 
tools of reactor design have here proved essential ingredients in formulating and optimizing a super- 


ior continuous-reaction process. 


9.4 STERILIZATION REACTORS 


Liquids, usually aqueous, can be sterilized by several means, including radiation 
(ultraviolet, x-rays);-sonication, filtration, fedne and chemical addition? Only 
the last two are widely used in large-scale processes. However, Sinalt- amounts of 
liquids containing sensitive vitamins and other complex molecules are sometimes 
sterilized by passage through porous membranes. In this section we shall concen- 
trate on design of heat-treatment processes. 

Requirements for destruction of viable microbes and viruses vary widely 
depending upon the material and its intended use. In some instances, e.g., sauer- 
kraut manufacture and biological wastewater treatment, microorganisms natur- 
ally present in the process fluid are responsible for desirable reactions. Inhibitors 
for the growth of unwanted organisms are rapidly evolved in alcohol, vinegar, 
and silage production, so that here too sterilization requirements are not ex- 
treme. Milk pasteurization involves killing most but not all actively growing 
microbes. More severe treatment of milk is not practiced because degradation of 
desired components results. Trade-offs between destruction of useful compounds 
and death of unwanted organisms play a major role in choice and design of 
sterilization and pasteurization equipment. 

Pure-culture fermentations, tissue culture, and some food products require 
more stringent measures. Essentially all contaminating microbial life must be 
excluded from the system, although the degree of “perfection” also varies some- 
what. Economic considerations might indicate, for example, that a contamination 
probability [1 — Po in Eq. 7.131)] of 107? is acceptable for a batch fermentation 
process. In this case we would expect 1 batch out of every 100 to be lost due t0 


contamination. We could accept this if the loss were comparable to the cost of 


additional sterilization capacity. 
Much more severe requirements hold in the canning industry. A single sur 


viving spore of Clostridium botulinum may cause léthal contamination, so thal 
virtually complete elimination is required. Typically, a design criterion in this 


"| 
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situation specifies that the spore survival probability | — Po be reduced to less 
than 10°'*. This example illustrates the importance of small deviations from 
essentially complete conversion of substrate (spores and vegetative cells) into 
in a products (inactive spores. dead cells) in sterilization reactors. Thus, careful steril- 
m 4 


E ization-reactor design can clearly be criticel. Continuous sterilization processes 
naka E are examined after analysis of the batch case. 


'oduc- : 
re of f ianei 
5,p. Ę 9.4.1 Batch Sterilization i 

Let us begin by considering a well-mixed closed volume containing a cell or 
wially i spore suspension. The fluid is to be sterilized by heating, and then cooled to a 
T E suitable temperature for subsequent processing. The concentration of surviving 
eee li organisms resulting from this process can readily be computed starting from Eqs. 

(7.125) and (7.126): 

E dn 

i | P = 22, kage tn (9.92) 

E 

E where we have explicitly included time variations in the fluid temperature. Separ- 
iation $ ating the variables in Eq. (9 92) and integrating, we find 
“Only E t 

n 
ntsof il In = | eWFeRTW gy (9.93) 
r ny ‘ 
2times 
yncen- J where the f subscript denotes final conditions. 

4 Common batch-sterilization designs include one or more of the following 
widely heat sources: steam sparging (bubbling of live steam through the medium), elec- 
sauer- trical heating, and heating or cooling with a two-fluid heat exchanger. Dein- 
natur- fg doerfer and Humphreyt have associated with each heating or cooling mode a 
ibitors f | particular time-temperature profile; these functions are shown in Table 9.4. The 
inegar, fi integral on the right-hand side of Eq. (9.93) can be evaluated by segmentation 
yot ex- a into three intervals of heating, holding, and cooling. A total of four integral forms 
rowing ig arise: constant temperature and each of the three transient modes (hyperbolic, 
tion of Fi linear, and exponential). Fores ah 
ounds ij $ ` 
Ps of Constant temperature and \ 
sign : i z” 

l : In =] kyge F/T dt = kygtpe ERT (9.94) 

require ; No 0 
nust be i Hyperbolic 
s some- i 
\ination | In Mia kaal E/R To) e7 (Eai RToMb’{a + b)] 
3 2 
entation $ g (a + 6) 
to E E 1 + bt b E; a 

t due f ih x E, d S po + E, Rak: See (9.95) 
: cost % Wi RTIy| 1+ (a+ bjt, a+b RTI, a+b 

a 

a 
so that a F. H. Deindoerfer and A. E. Humphrey, “Analytical Method for Calculating Heat Sterilization 


Times,” Appl. Microbiol.. 7:256 (1959). 


1 in this 
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Table 9.4 Temperature-time profiles in batch sterilization’ 


Type of heat transfer Temperature-time profile Parameters 
s fT ee | e ban 
team sparging = + Tab a= MTopC, =M 
hyperbolic 
Electrical heatin T = T)(1.0 + at) : 
ectrical heating = (l. MTC, 
linear 
out UA To — Ty 
Steam (heat exchanger) l T = Tl + be“) a= b= T, 
exponential 
we pee 
Coolant (heat exchanger) T = T,o(1 + be“) a= MpC, qd — e7 tawe) 
exponential 
To — Teo 
b= 
Teo 


where h = enthalpy differences between steam at sparger temperature and raw 
medium temperature 

s = steam mass flow rate 

M = initial medium mass 

T, = initial medium temperature 
q = rate of heat transfer, kcal per unit time 

U = overall heat-transfer coefficient, kcal/(m?-h-°C) 
A = heat-transfer area, m? 

Ty = temperature of heat source 
w = coolant mass flow rate 
č = coolant specific heat 

Tọ = coolant inlet temperature 
p = medium density 

C, = medium heat capacity 


t After F. H. Deindoerfer and A. E. Humphrey, Appl. Microbiol., 7: 256, 1959. 
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where E, is the exponential integral 


= e`" dw 
E,(z) = | a (9.98) 


w” 
z 


a tabulated function available in many handbooks and computer packages. The 
result for cooling is obtained by substituting To for Ty and using the definitions 
of a and b appropriate for cooling (Table 9.4). 

In each case, the final result yields In (n,/ng), the logarithm of the ratio of 
final to initial concentrations. If, for example, electrical heating is followed by 
holding at an elevated temperature and subsequent liquid-coolant heat exchange, 
we can write the ratio of final to initial viable-cell concentrations in the form 


n (holding) n e] (9.99) 


n“ =] g 
No no(coolant) no(holding) no(electrical) 


since no(coolant) = n,(holding) and n (holding) = n (electrical). Rewriting Eq. 
(9.99) as 


Mp 1 TAD, lh) nye) 
Pi ey a) age (9.100) 


we see that the overall result In (n,/no) is obtained by adding the three appropri- 
ate individual solutions above, each evaluated for the particular time interval in 
that mode of operation. 

Another situation which may be usefully examined analytically is thermal 
sterilization of solids or stagnant fluids. Such processes are important from sever- 
al perspectives. One significant application is destruction of toxic organisms in 
sealed food containers. Also, it is necessary to minimize all viable microorgan- 
isms in the closed container which could decompose or otherwise spoil the prod- 
uct. Solid particles or microbial aggregates are often found suspended in liquids 
to be sterilized. We should recognize that these forms tend to protect organisms 
in their interior from thermal destruction and that more extensive heating is 
therefore required when such solids are present. 

Analysis of both of these processes, at least for simple container and particu- 
late geometries, can be reduced to a two-step recipe analogous to the procedure 
followed above. First, we solve a transient heat-conduction problem to determine 
the temperature in the solid as a function of position and time. Assuming con- 
stant thermal conductivity k, this problem has the general form 


oT 
pC = = kV T (9.101) 


where V? is the Laplacian operator and pC p IS as defined in Table 9.4. In addi- 
tion to the partial differential equation (9.101), T is specified as a function of 
position within the solid at time zero, and the temperature at the external solid 
surface is known as a function of time for t->-9. 
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Considering a spherical solid, for example, the following equations must be 
solved to determine the interior temperatures for t > 0: 


ôT kið , OT 
ot. per a = . Se, 
T(r, 0) = f(r) O<r<R (9.103) 
_ T(R, t) = g(t) t >0 (9.104) 


where r is distance from the sphere’s center and f and g are prescribed functions. 
If the sphere is initially at a uniform temperature Tọ, and if the surface tempera- 
ture T(t, R) is maintained at a constant value T, for t > 0, this problem can be 
solved by separation of variables to obtain 
2R(T, — To) & (—D” . nnr k n?n?t 
T(r, t) = T, + ee esto) X cL sin exp ( See a (9.105) 
nr Ken 
The temperature at the center of the sphere (r = 0) can be deduced from Eq. 
(9.105) by taking the limit r > 0. This result is 


T(0, 1) =T, + AT, — T)¥( iy exp ( oe) 
; i 1 oh } pC, R? | 


(9.106) 


Figure 9.23 shows temperature distributions computed from these formula 
for a variety of elapsed times. In the context of sterilization, it is critical to note 
that there is a time lag between the imposition of a high temperature at the 


Figure 9.23 Temperature profiles within a sphere of radius R as a function of dimensionless time 
kt pC, R? (given as a parameter on the curves). Initially the spheré’temperature is To throughout. and 


the outer-surface temperature for 1 >Q is T,. 
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surface and achievement of similar temperatures everywhere 
Consequently, the kill of organisms at the sphere’s center will generally be less 
complete than near the surface. This observation remains qualitatively correct for ` 
many other geometries and initial and boundary conditions. While we cannot 
delve further here into the details of transient heat conduc 
conditions. a wealth of additional information. theory. and 
available in Carslaw and Jaeger [29]. 

Once the time-temperature-position relationship has been determined, the 
resulting destruction of microbes and spores can be calculated. Two different 
design approaches have been used in the food-processing industry. In the first, 
the organism concentration at the center is considered. Since the center heats 
most slowly. presumably if the center is adequately treated, the remainder of the 
solid is sufficiently sterilized. To compute the surviving organisms at the center 
we need only insert the temperature-time function evaluated at that position into 
Eq. (9.93) and compute the integral. For this step, numerical or graphical means 
are often necessary since T(t) is usually a rather complex expression, such as Eq. 
(9.106). 

Another approach is to conduct the previous calculations many times in 
order to determine survivor concentrations at each point within the solid. Then 
by integrating these concentrations over the volume, the number of survivors or 
probability of survivors can be evaluated. Obviously, this calculation is some- 
what tedious although it is straightforward in principle. Consequently, several 
shortcut design procedures based on this whole-container philosophy have been 
developed for use in the food industry. Since their explanation requires substan- 
tial additional vocabulary and definitions, we refer the interested reader to 
Charm [30] for a thorough discussion. 

While batch sterilization enjoys the advantages of being a relatively simple 
process, it suffers from several drawbacks. One is the time required for heating 
and cooling. Related to this disadvantage is another: the extent of thermal 
damage to desirable components. Many vitamins are destroyed by heating, and 
proteins can be denatured at elevated temperatures. While the destruction of 
these components often follows the same kinetics as organism death [Eq. (9.92)], 
it is important to recognize that the activation energies for these undesirable side 
reactions are typically much smaller than for the sterilization “reaction.” The 
values listed in Table 9.5, for example, are less than the 50 to 100 kcal’g mol 
magnitudes which usually characterize spore and cell destruction. 

Since the desired reaction here has a higher activation energy than the side 
reaction, increasing the temperature has the beneficial effect of increasing the 
ratio of desired rate to undesired rate. This means that if unfavorable Browning 
reactions or damage to susceptible compounds are to be avoided. the sterilization 
Process should operate at the highest feasible temperature and for the shortest | 
time (HTST = high temperature. short time) which provides the necessary organ- 
ism death. The slow heating and cooling portions of batch sterilization do not 
achieve these objectives. Continuous sterilization. considered next, is much better 
Suited for achieving HTST conditions. 


within the solid. 


tion under various 
analytical solutions is 
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Table 9.5 Approximate activation energies for some undesirable 
side reactions resulting from-heat treatment 


a a aA 


Reaction Activation energy E, kcal/g mol 
eee 
Browning (or Maillard) reaction between 31.2 

proteins and carbohydrates 
Destruction of vitamin B, 21.0 
Destruction of riboflavin (B,) 23.6 
Denaturation of peroxidase 23.6 


9.4.2 Continuous Sterilization 


Two basic types of continuous-sterilizer designs are shown schematically in Fig. 
9.24. In Fig. 9.24a, direct heating is provided by steam injection, with the heated 
fluid then passing through a holding section before cooling by expansion. The 
system in Fig. 9.24b features indirect heating using a plate heat exchanger. A 
number of variations in each type are possible with most featuring high ratios of 
heat-exchange surface to process volume. Consequently, continuous sterilizers 
provide relatively rapid heating and cooling so that HTST conditions can be 
realized. 

Two different design approaches are available if we assume that the tempera- 
ture in the continuous sterilizer is approximately uniform. This may be valid at 
least in the holding sections. In the first method we apply the dispersion model 
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Figure 9.24 Two different continuous sterilize! 
designs: (a) direct steam injection (b) plate heat 
exchanger. (Reprinted from S. Aiba, A. E 
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described earlier. After c.in Eqs. (9.81) to (9.83) has been identified with n, we 
take rn = — kan: then the organism concentration throughout from the tubular 
reactor with dispersion can be determined analytically. The resulting value of nat 
the sterilizer effluent is given by 


Se eee __4y exp [Pe/2] ce 
no (1+ y)? exp [(Pe)(y)/2] ~ (1 -y expl Poga (9-107) 
with 
4 Da\ t? 
y= (i +- z (9.108) 
Pe 
where here the Damköhler number Da is defined by 
Da — Kel (9.109) 
u 


For small deviations from plug flow (Pe~! small), Eq. (9.107) reduces to the 
simpler form 


L Da? 
m =e (~ Da + 3) (9.110) 
No Pe 5 


These solutions are conveniently displayed as a plot of remaining viable 
fraction n(L)'ny vs. the dimensionless group Da for various values of the Peclet 
number (Fig. 9.25). From this plot we can see that, as Pe > œ so that ideal plug 
flow is approximated, the desired degree of medium sterility can be achieved with 
the shortest possible sterilizer. Consequently, the flow system should be designed 
to keep dispersion at a minimum. 


n= Í nOD dt (9.111) 
0 


Where &(t) is the RTD of the continuous sterilizer. Recalling that n,(t) is the 
organism concentration at time t in a batch sterilizer with n,(0) = n,, we can use 
Eq. (7.125) in Eq. (9.111) to obtain 


Az Í Ee idt (9.112) 
0 


No 


in some instances evaluation of the right-hand side of Eq. (9.112) is facilitated by 
noting that it is formally identical to the Laplace transform of £ ‘with the usual 


- Laplace transform parameter s replaced by k}. ~- 
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Figure 9.25 Effect of axial dispersion on organism destruction in a continuous sterilizer. ( Reprinted 
trom S. Atha, A. E. Humphrey. and N. F. Millis. * Biochemical Engineering, 2d ed., p. 263, University of 
Tokyo Press, Tokyo. 1973.} 
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Before leaving the topic of continuous sterilization, we should mention its 
several advantages in addition to the HTST feature already discussed. First, 
continuous processing typically requires less labor than batch operations. Also, 
continuous treatment units provide a more uniform. reproducible effluent than 
batch sterilization. This is extremely important in the food industry, where small 
changes in treatment can change the taste of the product. 

When practiced in the fermentation industry, batch sterilization is usually 
done in the fermentor itself (in situ). Heating and cooling rates here depend upon 
the surface-to-volume ratio of the fermentor, and this ratio in turn usually 
changes during scale-up. The sensitivity of sterilization effects on organisms and 
medium components to equipment size can be reduced by using continuous ster- 
ilization. If continuous sterilization is used, it is not necessary to design the 
fermentor also to fulfill the requirements of a good batch sterilizer. 

Of course there are some drawbacks to continuous sterilization: direct 
steam heating can add excess water to the medium. and heat exchangers used for 
indirect heating or cooling can be fouled by suspended solids. Also, continuous 
sterilization tends to cause foaming of fermentation media. Additional details on 
the operation trade-offs of sterilizers are available in Ref. 33 of Chap. 7. 


9.5 IMMOBILIZED BIOCATALYSTS 


Performance of a bioreactor depends directly and critically upon the properties 
of the biocatalysts employed. Earlier, we discussed different ways in which en- 
zymes can be applied to provide useful catalytic functions. Also, we have already 
examined genetic modification of cells in order to improve their productivities for 
desired compounds. Now, before investigating additional reactor types, we must 
introduce another form of biocatalyst application. 

Our main topic in this section is immobilized cell catalysis. The central fea- 
ture of immobilized cell systems is the use of some confining or binding structure 
to constrain the cells in a particular region of the reactor. As we have already 
seen for immobilized enzymes, such immobilization methods for cells may in- 
volve entrapment in or attachment to small particles or might be achieved by use 
of larger-scale barriers to cell transport. 

Before considering methods to achieve cell immobilization and some of the 
experiments conducted to date with immobilized cell catalysts, we will review 
some of the motivations for cell immobilization. One benefit of cell immobiliza- 
tion is attainment of higher cell densities than in suspended cell systems. There 
are several other additional reasons for using immobilized cells in batch bioreac- 
tors. Some mammalian cell lines grow only if attached to a surface. For these 
types of cells, immobilization is a rule rather than an option. Second, immobi- 
lized cells can bé used as the basis for specific electrodes to measure concentra- 
tions of nutrients, metabolites, drugs, and toxic chemicals in bioreactors and in 
other process and clinical contexts. In addition, immobilization can be used to 
control cell morphology and broth rheology. By confining microbial growth to 
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the interstices and surfaces of support particles, the rheological and mass-transfer 
properties of the broth are relatively well defined and do not change as much 
during the batch process as occurs with some organisms during batch growth. 
Cell immobilization offers continuous processing without organism washout or 
genetic drift and also allows in some cases continuous separation of product and 
removal of reaction inhibitors. As with other immobilized catalysts, the costs of 
immobilization may be appreciable and may more than offset these cited advan- 
tages. 

In the case of continuous-flow bioreactors, the motivation for using immobi- 
lized cells is to extend the time which the catalytic functions of the cells can be 
employed to accomplish a desired chemical reaction or chemical reaction se- 
quence. In contrast to immobilized enzyme catalysis, immobilized cell catalysts 
can be used to achieve a broad spectrum of catalytic functions varying substan- 
tially in complexity. As sketched in the diagram in Fig. 9.26, immobilized cell 
catalytic activities can be classified based upon the level of metabolism that 
remains active and which is applied to achieve process objectives. When cells are 
used in a suspended state and leave the reactor with the effluent stream, some 
ongoing growth of cells is required in order to prevent washout. Indeed, the 
increase in washout dilution rate achieved with cell concentration and recycle 
discussed earlier in this chapter represents a macroscopic form of partial cell 
immobilization. By this means, the throughput of the process can be increased in 
a way that is partially decoupled from the rate of growth of the organisms. If the 
cells are completely retained within the reactor, however, the complete spectrum 
of catalytic complexity diagrammed in Fig. 9.26 may possibly be available since 
there is no requirement for growth. In fact, growth is often undesired in some of 
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no cell division 
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enzymes 
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Figure 9.26 Levels of reaction network complexity encoun 
tered in immobilized cell catalysis. 
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these cases since growth can lead to reduced yields and since accumulated cells 
can cause mechanical and flow disruptions in the reactor. 

The simplest level of catalysis provided by immobilized cells is activity of one 
or several enzymes but without any involvement of cofactors. Here, the immobi- 
lized cell essentially serves as an immobilized enzyme catalyst, with the entire cell 
used in order to minimize treatment and processing costs in formulating the 
immobilized enzyme catalyst. However, possible difficulties with extra mass- 
transfer resistance provided by the cell envelope and with degradation of the 
desired enzyme by intracellular proteases must be considered in such applica- 
tions. On the other hand, some enzymes may be stabilized by remaining in their 
native cellular environment. 

Next, a nongrowing immobilized cell system can provide catalysis through a 

multistep pathway involving cofactor utilization and regeneration. In principle, 
so long as all cofactors, enzymes, substrates, and regenerating chemicals are pres- 
ent, there is no reason why associated synthetic reactions and cell growth need 
to occur. If the desired cofactor-using pathway already exists in an organism, it 
may be advantageous to consider using the existing functional pathway rather 
than attempt to engineer a different type of cofactor utilization and regeneration 
process. 
In the next level of catalytic complexity considered, biosynthesis and main- 
tenance reactions occur, but there is insignificant cell growth and cell division. 
Finally, the most complicated situation is the one in which the full metabolic 
network is active and the cells are growing and dividing. This case arises, for 
example, in the immobilized cell batch applications mentioned earlier. It might 
also be employed in a continuous reactor context as a means of regenerating the 
biocatalyst, since some organisms do not respond well to a nongrowth environ- 
ment and lose activity rapidly under such conditions. As we Shall see later in 
examples, alternating reaction conditions between one of the less complex cata- 
lytic levels and full growth conditions is a useful strategy for obtaining extended 
catalyst service. 

There are two different advantages in using a catalyst which carries out the 
desired functions without a large number of additional reactions. First is the 
consideration of yield. Clearly, if a substrate can be converted stoichiometrically 
to a certain product by action of a specific microbial pathway without concomi- 
tant growth of cells or production of other end products, yields will be increased. 
Another potential advantage is higher overall reaction rate. The characteristic 
times to achieve significant conversion of a substrate increases dramatically as 
One progresses from the simplest, single enzyme level in Fig. 9.26 to the most 
complex, full-growth state. In the former situation, rates are characterized by 
rates of single enzyme-catalyzed steps, with time scales on the order of minutes, 
typically. On the other hand, cell doubling times, which characterize the complete 
network reaction time, are in the range of hours to days for all but the most 
rapidly growing bacteria. Thus, as one moves up the ladder of metabolic com- 
Plexity displayed in Fig. 9.26, the residence time required in the reactor to 
achieve substantial substrate conversion will-also in general tend to increase 
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significantly. Therefore, it is a substantial potential advantage to be able to use 
the enzymes and cofactors needed to accomplish a particular conversion and to 
design the reactor residence time accordingly. 

With this background framework in mind, we turn next to formulation and 
characterization of immobilized čell catalysts, after which some exampies illus- 
trating the spectrum of catalytic possibilities with these systems will be examined. 


9.5.1 Formulation and Characterization of 
Immobilized Cell Biocatalysts 


In this section, we review methods which have been applied to immobilize cells 
and the characteristics of the resulting catalysts that are important in different 
process contexts. Entrapment in polymeric networks is the most commonly ap- 
plied method for cell immobilization. Table 9.6 lists different mechanisms which 
have been used to form the entrapping network. By far the most widely used cell 
entrapment method involves ionic cross-links in a layer or bead of alginate, a 
natural polysaccharide material. The gentleness of this gellation procedure, in 
contrast to chemical polymerizations, results in much higher initial viability of 
the immobilized cells. Fig. 9.27 illustrates schematically one protocol for prepara- 
tion of spherical calcium-alginate beads containing immobilized cells. 

When selecting a network entrapping method and the particular conditions 
applied to formulate the network, the resulting properties of the immobilized cell 
catalyst must be considered. Some of the major parameters of process interest are 
listed in Table 9.7. Both the chemical and mechanical characteristics of the net- 
work can influence its permeability to substrates, inhibitors, products, and other 
medium components. The mechanical properties of the network may constrain 
the type of catalyst particle geometries that are possible. Compressibility and 
other attributes of mechanical strength are much more important in large-scale 
practice than in laboratory study. Many of the polysaccharide beads commonly 
applied in laboratory research because of their biocompatibility are not well 
suited for large-scale application because of their high compressibility which lim- 
its the utility of these materials to shallow columns. Similarly. particles which are 
impact sensitive are not suitable for use in contacting schemes such as agitated 
slurry reactors in which the catalyst beads must withstand exposure to collisions 
without substantial attrition or breakage. 


Table 9.6 Polymeric networks used for cell immobilization 
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Figure 9.27 Summary of one protocol for entrapping cells in alginate beads. 
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The chemical properties listed may influence catalyst activity directly 
through action on the cell’s metabolic controls and indirectly by influence on the 
local microenvironment of the cells. For example, if the polymeric network con- 
tains toxic chemicals, degradations in cellular activities can be expected. The 
charge, ionic composition, and hydrophobicity of the network may all influence 
the partition coefficients of reaction mixture components and alter the concentra- 
tions in contact with the cells relative to the concentrations delivered in the bulk 
reaction mixture solution at the exterior of the catalyst particles. 

Another method of cell entrapment is entanglement in convoluted or porous 
structures. Compressed stainless steel screens have been used to support the 
growth of microorganisms. Also, mold spores inoculated into autoclaved beads 
of porous filter aid material have been used as an inoculum for batch fermenta- 
tions. Cells have also been entrapped within the macroporous regions in asym- 
metric hollow fibers. In addition to these local entrapment methods, we should 
remember that complete or partial cell entrapment can be achieved on a macro- 
scopic scale by use of cell separation and recycle to the reactor. Alternatively, 
relatively small substrates and products may be added to or removed from a cell 
suspension through a dialysis or other type of ultrafiltration membrane placed in 
the cell suspension. 

Many different types of cells have been immobilized by adsorption or cova- 
lent attachment to the surfaces of various solid support materials. Examples of 
immobilization of cells ranging from bacteria to mammalian tissue cells on nat- 
ural and synthetic materials are summarized in Table 9.8. Further information on 
these and other immobilization methods may be found in the general immobi- 
lized cell references listed at the end of this chapter and in the specific references 
associated with the examples presented next. 


Table 9.8 Examples of cells immobilized by 
attachment to surfaces 


Cells Support 


Adsorption adhesion 


E. coli, Cl. acetobutylicum Ion exchange resin 
Asp. oryzae Modified cellulose 
Streptomyces Modified Sephadex 
Lactobacilli, yeast Gelatin 

S. carlsbergensis PVC 

Pseudomonas sp. Anthracite 7 
Tissue cells Polysaccharide 


Covalent bonding 


B. subtilis Agarose and carbodiimide 
E. coli Ti(TV) oxide 


Remaining activity, % 
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9.5.2 Applications of Immobilized Cell Biocatalysts 


In this summary of examples illustrating the different levels of immobilized cel] 
catalysis, we shall proceed from the simplest to the most complicated situation. 
By immobilizing whole cells which have been suitably permeabilized [by treat- 
ment with lytic enzymes, by exposure to alcohols or dimethylsulfoxide (DMSO)], 
individual enzymes in approximately their natural environment may be immobi- 
lized for continuous process use. Many such immobilized enzyme/immobilized 
cell catalysts have been prepared and some are now in commercial use. This 
strategy for enzyme immobilization has the advantage of being relatively simple 
compared to isolation of enzyme from the cells and subsequent immobilization, 
and, perhaps of greater practical significance, this method may enhance immobi- 
lized enzyme stability. 

Shown in Fig. 9.28 is experimental data on deactivation of aspartase and 
fumarase enzyme activity in immobilized E coli cells and in suspended intact 
cells. For both enzymes, loss of activity is greatly retarded in the immobilized cell 
formulations. There is a possibility that some of this apparent stability may be 
due to mass-transfer limitations as was discussed in Sec. 4.4; that is, if the immo- 
bilized enzyme/cell catalyst is operating under severely diffusion-limited kinetics, 
observed deactivation will be substantially slower than. actual deactivation. How- 
ever, in this particular system, further experiments by Chibata and colleagues 
point to a true stabilizing effect of enzyme retention in the native cellular envi- - 
ronment. Intact E. coli cells were sonicated and the soluble and precipitate frac- 
tions were subsequently separated and immobilized. The aspartase activity in the 
immobilized soluble fraction decayed much more rapidly than the aspartase ac- 
tivity in the immobilized precipitate fraction. Furthermore, intact cells treated 
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Figure 9.28 Comparison of deactivation of aspartase and fumarase in suspended cells and in immobi- 
lized cells f Reprinted by permission from I. Chibata (ed), “Immobilized Enzymes,” p. 140, Kodansha 
Ltd.. Tokyo. 1978. j 
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with solubilizing agents for membrane-bound enzymes (deoxycholate or Triton 
X-100) yielded precipitate and soluble fractions which both lost activity rapidly 
after immobilization. These experiments suggest that aspartase is stabilized by 
binding or association with cellular membranes or granules. However, it should 
be noted that the opposite effect has been observed in whole-cell enzyme im- 
mobilization. Glucose isomerase in permeabilized immobilized cells of some 
organisms loses activity more rapidly than the same enzyme isolated from the 
cells. This phenomenon has been attributed to proteolytic attack on the enzyme 
by intracellular enzymes. 

The subject of intracellular hydrolytic activities is very important across the 
entire spectrum of immobilized cell applications. As discussed in Chap. 6, cells 
require for efficient function certain intracellular hydrolytic activities. Loss of 
enzyme activity by intracellular hydrolysis as well as loss of cellular membrane 
and transport integrity by other degradative processes clearly play key roles in 
determining the useful lifetime of an immobilized cell catalyst. Greater under- 
standing of these intracellular degradative processes, along with other types of 
deactivation events due to protein unfolding and membrane damage due to 
chemical attack from medium components, is required in order to optimize the 
cells genetically and to formulate the best immobilized cell preparation and cor- 
responding reactor configuration and operating conditions. Indeed, we should 
note here parenthetically that decades have been invested in developing useful 
strains within the context of suspended cell cultivation and that long-term efforts 
may be needed to achieve the genetic modifications required to yield especially 
useful organisms for immobilized cell applications. 

At the next level of catalytic complexity is multistep bioconversion involving 
cofactor use and regeneration. The most widely studied systems of this type 
involve transformation of glucose to economically important end-products in 
anaerobic environments. Glucose conversion to ethanol by immobilized yeast 
(Saccharomyces cerevisiae) or bacteria (primarily Zymomonas mobilis) have been 
studied extensively, and at least one process based upon immobilized cell bioca- 
talysis has been demonstrated at pilot scale [34]. 

Studies of glucose to ethanol conversion using immobilized cells originated 
with investigations of continuous brewing, in which highly flocculent yeast 
Strains permit retention of cells which could be effectively immobilized in a 
fluidized-bed reactor (Sec. 9.6.4). Subsequently, yeast immobilized by adsorption 
on a gelatin film, and by entrapment in x-carrageenan, alginate, or polyacryl- 
amide have been reported. Experiments with a column of Saccharomyces 
carlsbergensis cells immobilized in x-carrageenan showed a startup transient 
period of around seven days after which the concentration of viable cells in the 
gel was constant as were the effluent glucose and ethanol concentrations. 
Subsequent process improvements have lead to increased product concentrations 
exceeding 100 g ethanol/L. 

The Kyowa Hakko Kogyo Company of Japan has announced a pilot-scale 
process for ethanol production using immobilized yeast cells in fluidized-bed 
reactors (Sec. 9.6.4). The flow sheet for this process is given in Fig. 9.29. Results 
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Figure 9.29 Process schematic for ethanol production using immobilized yeast [34]. 
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ity (volume feed - volume gel~'-h~') of 0.4 to 0.5 ho. Sugar-to-ethanol yield 
was 95% of the theoretical maximum and the ethanol productivity based on 
total column volume was ca 20 g L`! h`! 

A more complicated situation arises in conversion of glucose to acetone, 
butanol and ethanol using the bacterium Clostridium acetobutylicum and related 
strains. This organism possesses a complex regulatory system for its catabolic 
pathways, details of which remain incompletely understood in spite of long expe- 
rience with this organism in traditional suspended culture fermentations, Under 
certain environmental and cell States, organic acids are the primary end-products 
of glucose metabolism, while in other Situations the desired organic solvents are 
produced. Consequently, this is a more complicated and difficult system than the 
glucose to ethanol conversion accomplished by yeast, since here we must con- 


sider how to manipulate the final product selectivity in the desired fashion. 
The feasibility of continuous, lon 


g-term bioconversion of glucose to organic 
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esearch by Forberg and coworkers [35]. In 
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Table 9.9 Comparison of butanol formation yields and productivities for 
immobilized’ and suspended! cells of Clostridium acetobutylicum 


a ee, 


Nex Ys "hp 
g butanol gbutanol\ ` /g butanol 
h cells (dry wt) g glucose ( L-day } 
Growing immobilized cells (full medium) 1.3-1.9 0.11 
Immobilized cells (intermittent dosing of full 50 0.20 16.8 
nutrient medium) , 
Batch culture, suspended cells 3.6 0.19 6.9 


t C. Férberg, S.-O. Enfors, and L. Häggström, Eur. Appl. Microbiol. Biotech. 17: 143, 1983. 
t A. R. Moreira, D. C. Ulmer, and J. C. Linden, Biotech. Bioeng. Symp. no. 11: 567, 1981. 


glucose consumed was increased significantly relative to a comparison case in 
which immobilized cells were exposed to full growth medium. Listed in Table 9.9 
are representative parameters of the immobilized cell experiments with full 
growth medium, for immobilized cells with intermittent dosing of growth me- 
dium alternating with only conversion medium, and results from a conventional 
batch fermentation using the suspended bacterium. 

While further research and development is needed to improve the immobi- 
lized cell system, this example clearly indicates the opportunity for altering 
kinetic and stoichiometric behavior by appropriate choice of cell formulation and 
medium manipulation, providing additional options for engineering manipula- 
tion and optimization of a biocatalytic process. 

These fermentation examples introduce the challenging problem of gas trans- 
port in immobilized cell catalysts and associated reactors. Here we shall consider 
only the local problem of transport in the catalyst. Suppose that the bioconver- 
sion can be described stoichiometrically as a single chemical reaction and that 
the transport of substrate S and product P in the catalyst can be characterized by 
effective diffusivities D, and D,, respectively. It is easy to show using the govern- 
ing material balances and boundary conditions on the catalyst that the concen- 
tration of product c, and concentration of substrate c, within the catalyst 
formulation are related by the following equation, in which « denotes the number 
of moles of product formed for each mole of substrate consumed 

aD 


. Cp = Cpo + D (Cso — c.) (9.113) 


Pp 


Here subscripts 0 denote conditions at the external boundary of the catalyst 
Several useful observations can be made simply by setting c, equal to zero and 
calculating thereby, based only on stoichiometric and transport considerations, 
the maximum level of product concentration which can be obtained in such 4 
catalyst. 

This simple equation has important ramifications in cases of gas consump” 
tion and production. First, supposing that the substrate is a sparingly soluble gas 
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such as oxygen, we see from Eq. (9.113) that only a small increase in product 
concentration can be expected in reaction in a single catalyst particle. Consider- 
ing now the case of formation of a moderately soluble gas such as CO,, it is 
evident that, using a highly soluble substrate such as glucose, a concentration of 
CO, may be obtained within the catalyst which exceeds the saturation concen- 
tration, giving rise to nucleation and growth of gas bubbles within the catalyst. 
This phenomenon has been reported to cause severe mechanical difficulties in 
immobilized cell reactors, resulting in bursting of networks containing entrapped 
CO,-producing cells and of cartridges containing yeast cells immobilized in hol- 
low fibers. 

Accordingly, we have problems with limitations on product formation for 
sparingly soluble substrates and with removal of sparingly soluble products. 
These concerns dictate use of small thicknesses of catalyst in order to avoid 
ineffective use of interior catalyst in the case of a sparingly soluble gas and in 
order to avoid excessive buildup of sparingly soluble products in that situation. 
This short catalyst thickness can be achieved either by use of small particles or 
by formulation of the catalyst so as to contain supported cells or entrapped cells 
only in a thin outer film on the outer surface of a larger particle or object which 
facilitates mechanical retention in the process. Addressing requirements for sup- 
ply and removal of sparingly soluble compounds is a major consideration also at 
the reactor design level. 

Interestingly, experimental studies of ethanol production from glucose using 
immobilized yeast have indicated different overall conversion rates in immobi- 
lized cells compared to suspended cells incubated under similar conditions. In 
some of these investigations, diffusion limitations and their effects are possibly 
implicated, but enhancements in specific rates of ethanol production of the order 
of 30-50 percent have been observed in carefully controlled comparison experi- 
ments under identical reaction conditions and with no mass-transfer limitations. 
Alteration in local water activity by the presence of the supporting matrix or 
surface has been hypothesized as one cause of such phenomena. Other possi- 
bilities include altered chemical microenvironments due to the Support as men- 
tioned earlier. 

However, it would not be surprising to encounter substantial metabolic ad- 
justments to the unusual environments which cells encounter in the immobilized 
state. Binding or adherence to a solid surface may be recognized by specific 
receptors on the cell which alter metabolic function. Similarly, interference with 
normal morphological development by multipoint binding to a surface, by fibers 
of the entrapment matrix, or by cell-cell contact may elicit metabolic responses 
not evident in relatively unconcentrated suspended cell environments. Further- 
more, certain extracellular products will be present in such dense immobilized 
matrices at much higher concentrations than in suspended cell systems. Certain- 
ly, we might expect that microbial cells ordinarily functioning in a relatively 
independent state may exhibit altered catalytic properties when grown in a more 
dense, tissuelike form in an immobilized cell preparation. Therefore, it is neces- 
sary to characterize carefully the intrinsic kinetics of immobilized cell catalysts 
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Table 9.10 Examples of biosynthesis processes conducted by immobilized cells 
i ea ae RF Sei tT Sy cna RR a OE A eR 


Substrates Immobilized cells Product Comments 
eee 
Glucose, inorganic Corynebacterium Glutamic acid 15 g product/L in 144 h 
ammonia, metal ions glutamicum! 
Pantothenic acid, Brevibacterium Coenzyme A 500 ug product/mL 
cysteine, ATP, ammoniagenes! 
MgSO, 
Glucose medium Penicillium Penicillin 1.5 units mL~'h7! 
chrysogenum’ 
1%% peptone medium Bacillus sp (KY 4515) Bacitracin 16-19 units mL”! 
1% meat extract. 0.05 °% Bacillus subtilis a-Amylase 15,000 units/mL 
yeast extract medium FERM-P No. 2040! 
LB broth Escherichia coli C600 f-Lactamase 1 x 107}? units/cell/h 
(pBR322)! 8 units/mL/h 


a ns gn oe 
t Entrapped in polyacrylamide gel. 
* Entrapped in hollow-fiber membranes. 


and to anticipate possible kinetic alterations due to immobilization. Kinetics 
based upon suspended cell studies under identical conditions may not be applica- 
ble. Even more complicated cellular adjustments in terms of morphology and 
biochemical activities can be expected as we consider more complicated biocata- 
lytic functions. 

In view of the complexities and early stage of development of immobilized 
cell catalysis for multistep conversions, it is not surprising that relatively little has 
been done so far on use of immobilized cells to achieve biosynthesis of metabo- 
lites and biological polymers. Features of some of the experimental studies of 
biosynthesis by immobilized cells are indicated in Table 9.10. In some cases, there 
was little cell growth, while in other cases, intermittent full growth medium feed- 
ing was employed to extend useful activity of the cells. Full cell growth was 
allowed in some of these studies. Of course, if the cells are growing at some finite 
rate, either washout or lysis of cells must occur at a rate which balances the 
growth rate in order to maintain a steady-state level of functioning cells. In the 
case of animal cells cultivated on solid surfaces, regulatory mechanisms built into 
the cells arrest growth approximately at the stage of monolayer development and 
switch the metabolism of the cells from growth to product formation. There is 
much still to be learned to achieve the feasible ideal of immobilized cell systems 
for synthesis of complex products at high yields and high rates in continuous 
reactors. 


9.6 MULTIPHASE BIOREACTORS 


Under many circumstances it is approximately valid.-fo treat bioreactors, which 
almost always contain multiple phases in the form of cells. low solubility sub- 
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strates or products, gas bubbles. or catalyst particles, as effectively homogeneous. 
There are several situations. however. in which it is important to take the multi- 
phase nature of the reactor contents into account when designing the bioreactor 
or analyzing its performance. Our focus in this section is on such reactors and 
some of the approaches which may be applied to describe them conceptually and 
mathematically. 


9.6.1 Conversion of Heterogeneous Substrates 


Bioreactors containing heterogeneous substrates are encountered in utilization of 
starch and cellulose particles, in conversion of steroids, and in growth on paraf- 
finic hydrocarbons. In such cases, we must establish or make assumptions about 
the location of the reaction—with the major possibilities being either at the phase 
interface or in bulk solution using a very small amount of dissolved substrate. In 
some cases. both situations arise. For example. digestion of cellulose particles 
begins by adsorbed cellulase enzymes followed by conversion of glucose in 
solution by microorganisms. In reactors involving heterogeneous substrates, the 
interfacial area per unit reactor volume is typically a central parameter which 
depends on substrate pretreatment in some cases and most directly upon reactor 
operating conditions in others. The following example of microbial growth on an 
insoluble carbon source provides a specific illustration of the different types of 


considerations which are frequently necessary in analysis, design, and operation 
of such reactors. 


Example 9.2: Agitated-CSTR design for a liquid-hydrocarbon fermentation’ Some microorganisms, 
e.g., the yeast Candida lipolytica, will grow on dodecane and other paraffinic hydrocarbons which are 
practically insoluble in water. Two alternative mechanisms have been proposed for microbial growth 
at the hydrocarbon-aqueous-phase interface: (1) cells (characteristic diameter D.) much smaller than 
dispersed hydrocarbon droplets (diameter D,) cluster around the paraffin drops: on the other hand, 
(2) if D, < D, we may presume that droplets adsorb onto the outer surfaces of the relatively large 
microorganisms. 

The closing observations in See. 5.4 on aerated microbial hydrocarbon fermentations indicate 
that the adsorption and flocculation relations between air bubbles, cells. and hydrocarbon droplets 
change over the course of a batch fermentation. For a continuous process, however, we may expect to 
operate in one particular growth mode. thus a single bubble-cell-hydrocarbon droplet configuration 
may be predominant. rendering quantitative description easier. 

Moo-Young and coworkers have considered these two situations and have proposed the follow- 
ing modified Monod growth-rate equations which include the effect of surface-area availability: 


Case I, D, < D, 


s/D h 


S pa 9E2.1 
H= Umar K, F s;D, ( ) 


"Drawn from M. Moo-Young, “Microbial Reactor Design for Synthetic Protein Production,” 
Can. J. Chem: Eng., 53: 113, 1975. 
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Figure 9E2.1 This double-reciprocal plot of exper- 
imental] data for growth rates of C. lipolytica yeast 
on dodecane is consistent with the model assum- 
ing hydrocarbon droplet attachment to microor- 
ganisms. (Reprinted from M. Moo- Young, 
“Microbial Reactor Design for Synthetic Protein 
0 10 20 30 40 50 60 Production,” Can. J. Chem. Eng., vol. 53, p. 113, 
D,?/s, g/L 1975.) 


Case 11, D. > D, 


sD}? 


= 2 9E2.2 


where K, and K{ are modified K, values. As the Lineweaver-Burk plot in Fig. 9E2.1 indicates, 
experimental data for the C. lipolytica-dodecane system support the second hypothesized mechanism. 
Equations useful for CSTR design can be developed by relating input agitator power to dis- 
persed hydrocarbon drop size (Chap. 8). If the diameter D, of the substrate hydrocarbon droplets is 
determined by shear at the impeller-tip region, the correlations in Example 8.2 predict that 


P -0.4 
D, = dz) (9E2.3) 


which was found to fit the experimental data of this study when C = 0.023. Substitution of this 
formula into Eq. (9E2.2) yields 


s(P/V)°* 


g = hma o 9E2.4 
pi H Umax K” + s(P/V)°® ( ) 


Using this specific growth rate in the ideal CSTR model with constant yield factor gives for sterile 


feed 
DK” /P\-08 
= a Sf 9E2.5 
i if Umax — D (7) | \ 
and 


m 
K; 


maxoutput T H ~ Pos 
K” any 
z sd 3 


Figure 9E2.2 shows the biomass production rate Dx computed using Eq. (9E2.5). Those plots, as well 
as Eqs. (9E2.5) and (9E2.6), clearly show the importance of considering interactions between biologi- 
cal reactions and fluid mechanics in the design and analysis of microbial reactors. 

In spite of the changing adsorption patterns in batch hydrocarbon fermentations referred to in 
Sec. 8.4 and Fig. 8.14, a model assuming that the cells of C. lipolytica growing on hydrocarbon 
droplets adsorb continuously onthe hydrocarbon-droplet surface until a cell monolayer is formed 
gives some agreement with batch-fermentation data (See L. E. Erickson, A. E. Humphrey, and A. 
Prokop, “Growth Models of Cultures with Two Liquid Phases. t--Substrate Dissolved in Dispersed 
Phase,” Biotech. Bioeng., 11: 449. 1969). ; 
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Figure 9E2.2 Biomass productivity for liquid- 

hydrocarbon fermentation as a function of di- 

0 0.04 0.08 O12 O16 0.20 lution rate and agitator power input per unit 
Dilution rate. D. h`?! volume P V(hp;m?). 


9.6.2 Packed-Bed Reactors 


Columns packed with immobilized biocatalyst particles currently enjoy several 
applications and additional uses are expected. In such reactors, which are called 
packed-bed or fixed-bed reactors, immobilized enzymes are used for glucose 
isomerization, for selective penicillin hydrolysis, and for selective reactive separa- 
tion of racemic mixtures of amino acids. Many immobilized cell systems have 
also been examined in packed-bed configurations. 

The simplest and often quite useful description of packed-bed reactor perfor- 
mance uses a plug-flow reactor model modified to account for the influence of 
the packed catalyst on flow and kinetics features. The superficial flow velocity 
through the reactor is equal to the volumetric flow of the feed divided by the void 
cross-sectional area which is the total cross-sectional area times the void fraction 
e. The appropriate rate expression for use in the tubular reactor material balance 
is based upon use of effectiveness factors as described in Chap. 4. For example, 
considering a single reaction S— P with intrinsic rate v = v(s, p) the rate of 
product formation per unit volume of immobilized biocatalyst pellet at a point in 
the reactor is: 


v = (55, PVCS, Ps) (9.114) 
overall/unit volume of pellet 

where s, and p, are the substrate and product concentrations at the exterior pellet 
surface at that position inside the reactor. In general, the effectiveness factor y, 
which accounts for intraparticle diffusion, and the rate expression v depend upon 

both s, and p,, as indicated. 
If mass-transfer resistance between the bulk liquid phase and the pellet sur- 
face is next examined, a steady-state material balance on substrate over the pellet 
gives for a spherical catalyst pellet of radius R: 


e 


Rate of substrate diffusion out of bulk liquid 
= rate of substrate disappearance by reaction within pellet 
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or 
4nR7k,(s — s,) = $nR?n(s,, PWS., Ds) (9.115) 


With this equation and reaction stoichiometry, s, and p, can be evaluated in 
terms of the bulk liquid concentration s. Substituting these expressions into Eq. 
(9.114) then gives the total rate of substrate disappearance per unit volume of 
catalyst pellets in terms of the bulk fluid substrate concentration. 

In writing the material balance on a differential slice of the plug-flow packed- 
bed reactor, we must remember that bulk fluid exists only in a fraction e of this 
volume and catalyst particles occupy a fraction 1 — e of this volume. The sub- 
Strate concentration s used in this equation is the concentration per unit fluid 
volume. Accordingly, the material balance on substrate becomes 


ds l—e 
U (=) (Ss; Ds)U(Ss; Ps) (9.1 16) 


where, as noted above, the quantities on the right-hand side can be evaluated in 
terms of s, allowing integration of Eq. (9.116) for given values of feed substrate 
and product concentration. 

The situation is greatly simplified if intraparticle and external mass-transfer 
resistances are negligible, since these conditions imply n +1 and S, > S, respec- 
tively. In such circumstances, the governing mass balances can be integrated 
analytically, with results as indicated previously in Table 9.2 for plug-flow 
reactors. 

As mentioned earlier in connection with our discussions of the dispersion 
model for flow reactors, flow around the particles in a packed bed and mixing in 
the interstitial voids of the reactor create a small amount of backmixing which 
may cause deviations from ideal plug-flow behavior. In these cases, the dispersion 
model with dispersion coefficient evaluated as discussed earlier or a tanks-in- 
series model may be applied. The effect of a small amount of dispersion on 
reactor performance relative to ideal plug-flow behavior was discussed already in 
connection with sterilization reactors. Other approaches to mathematical model- 
ing of packed-bed systems with different levels of backmixing and different inter- 
actions between the fixed and flowing phases are available in the chapter 
references. 


9.6.3 Bubble-Column Bioreactors 


By bubble-column bioreactors we mean reactors with large aspect ratio (height 
to diameter ratio) which take the form of columns instead of more squat tanks 
typical of agitated vessels. Also, in such reactors, mixing is supplied entirely by 
forcing compressed gas into the reactor which then rises through the liquid. 
Reactors of this type have been used for many years in the chemical industry 
because of their advantages of relatively low capital cost, their simple mechanical 
configuration, and reduced operating costs based on lower energy requirements. 
While relatively unfamiliar in the biological processing industries. tower bioreac- 
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tors have been used on a large scale for beer production and for vinegar manu- 
facture. Also, related tower designs are essential elements of very large scale 
processes which have emerged for cultivation of microorganisms (single-cell pro- 
tein or SCP) for use as animal feed. l 

In some cases a single column, which may contain internal plates or even 
agitators in some or all stages, is used. The reactors may be used in a batch mode 
or operated continuously with cocurrent or countercurrent flow of liquid relative 
to the rising gas. In several recent designs, called air lift or pressure cycle reac- 
tors, an external loop is used to provide fluid circulation. Such loops have the 
advantages of permitting high efficiency heat exchange, a major need for large- 
scale microbial cultivation on paraffinic or methanol substrates. Also, the circula- 
tion loop enhances definition of the flow and mixing properties in the vessel. 
Properties of bubble columns with and without external loops and single or 
multiple stages have been extensively investigated and described in a series of 
studies by Schiigerl and colleagues [36, 37]. Here we shall only introduce some of 
the concepts which can be applied to formulate equations for designing such 
reactors and for analyzing experimental data obtained in such systems. 

We saw in Chap. 8 that for a sufficient density of rapidly growing aerobic 
organisms, the overall growth rate is typically limited by the rate of oxygen 
transfer from the gas bubbles into the liquid phase. Analysis of this limiting rate 
process requires knowledge of liquid and gas mixing within the tower. Studies on 
air-water sparged columns without any recycle loops have shown that if (a) gas 
flow rates are large relative to the liquid and (b) column height L and diameter 
d, are of similar magnitude, both liquid and gas phases are well mixed. Con- 
versely, for the more typical long columns, Eq. (8.115) gives the column height 
L(=z there) to obtain a desired amount of O, transfer. 

For the integrated form (8.115) to be valid, it is necessary to maintain the 
interfacial area factor a nearly constant along the tower. This in turn requires 
that the gas remain in bubbling fiow. Air-water experiments reveal that the gas 
bubbles rising through the liquid will coalesce into slugs if the gas volume frac- 
tione exceeds a critical value £a, which is roughly 0.3. The requirement that the 
gas volume fraction remain less than Emax Can be translated into a design specifi- 
cation for column diameter by noting that any point in the tower 

2 
Fo = uge a (9.117) 


where F and uç are the gas volumetric flow rate and linear velocity, respectively. 
We may reasonably assume uç is the terminal velocity u, of a single gas bubble in 
a stagnant liquid and that Fg is roughly the same as the feed gas flow rate Fop. 
The latter assumption is rationalized on the grounds that O, consumed from the 
bubbles is at least partially replaced by CO. Under these conditions Eq. (9.117) 
reveals that ¢ is smaller than ¢,,,, so long as 


1/2 
d, 2 2 =< ) (9.118) 


Ug Emax] ~ 
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which can be used to estimate sizing of the tower. Not considered in this elemen- 
tary analysis is rising bubble growth due to reduction in hydrostatic head. This 
may increase u, and, in the extreme, cause a transition to cap-shaped bubbles. 

Other means of providing small gas bubbles throughout the tower include 
insertion of perforated plates and/or impellers or other internal devices. These 
internals break up any coalesced gas slugs and thereby preserve a large gas- 
liquid contact area. Further details on alternative mechanical designs for bio- 
reactors are presented in Sec. 9.7.3. 

Figure 9.30 illustrates schematically the conceptual framework applied to 
formulate a 2-phase mathematical model for a concurrent flow tower-loop reac- 
tor (airlift bioreactor). In the tower section on the right-hand side, two-phase 
flow of gas and Iqiuid occurs. After gas separation at the top of the column, a 
liquid stream is recycled through the loop on the left to the bottom of the reactor 
which is also the point of gas sparging into the system. The system is described 
by treating the liquid and gas as separate phases which ascend the tower section 
with different linear velocities u; and uç, respectively. The volume fractions occu- 
pied by liquid and gas are designated e, and eç, respectively, and these values are 
determined from use of gas holdup correlations or measurements. Superimposed 
on bulk convective axial transport in plug flow is axial dispersion in both the gas 
and liquid phase with different dispersion coefficients. Substrate and oxygen utili- 
zation occurs due to microbial reactions in the fluid phase and oxygen is depleted 
from the gas phase by virtue of oxygen transfer into the liquid. 

Examining now a differential slice of the tower section between position z 
and position z + dz (see Fig. 9.30b), we can derive the following material 
balances on oxygen concentration in the liquid phase and oxygen mole fraction 
in the gas phase by extensions of the methods already illustrated for treating 
steady-state plug-flow reactors. The final forms of these mass balances are given 
by ` 


Liquid phase 


6c,(z, t) é?c,(z, t) 6c,(z, t) 
ar = Di) Gap — MO) 5 = 705 S Cz t) 

+ k,(z, a(z. OfcR(z, t) — c(z,t)] (9.119) 
Gas phase l 


ôx (zt) _ KA ax,(z, t) 
p(z, t) o a m D0) az (xe t) az ) 


RTe,(t) 


: * 
= 3z (vt t)x,,(z, t)u,(z, t) = i) = k,(z, t)a(z, t)[c; (z, t) — cz, t) 


(9.120) 


Combined with analogous material balances for substrate consumption and cell 
growth, and similar balances for the liquid phase in the-recycle loop, these equa- 
tions can be used for description of unsteady-state mass-transfer experiments. 
batch operation of the bioreactor, or steady-state and dypgmic behavior of the 
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tower bioreactor with continuous feed and product removal. Extensive experi- 
mental studies and parameter evaluation for this model are described in Ref. 37. 


9.6.4 Fluidized-Bed Bioreactors 


Fluidized-bed reactors generally are column geometries as considered in the last 
section and, if gas supply or removal is involved, require consideration of gas 
flow and mass transfer similar to those just discussed. However, in a fluidized- 
bed reactor an additional catalyst phase appears. 

In a fluidized-bed tower reactor like the one shown in Fig. 9.31, liquid flows 
upward through a long vertical cylinder. Heterogeneous biocatalyst particles 
(flocculated organisms, pellets of immobilized enzymes or cells) are suspended by 
drag forces exerted by the rising liquid. Entrained catalyst pellets are realeased at 
the top of the tower by the reduced liquid drag at the expanding cross section 
and fed back into the tower. Thus, by a careful balance between operating condi- 
tions and organism characteristics, the biocatalyst is retained in the reactor while 
the medium flows through it continuously. 

Fluidized-bed biological reactors are considerably more complex that the 
CSTR and PFTR varieties so far examined. For example, in tower fermentors 
used for continuous beer production, there is a gradient of yeast flocs through the 
unit. Near the bottom, the organism concentration (centrifuged wet weight per 
weight of broth) may reach 35%, while the yeast concentration drops to 5 or 
10°, at the top of the tower. Moreover, there is a progressive change in medium 
characteristics. along the reactor. Easily fermented sugars (glucose, fructose, suc- 
rose, some maltoses) are consumed first, near the feed point, thereby lowering the 
medium density. In the middle and upper portions of the tower. the yeast flocs 
ferment maltotriose and additional maltose. This scenario of rapid initial fermen- 
tation followed by slower reactions involving less desirable substrates is con- 
sistent with the experimental data shown in Fig. 9.32. 

A rudimentary model for such fluidized reactors can be developed by assum- 
ing that (1) the biological catalyst particles (microbial flocs or immobilized- 
enzyme pellets) are uniform in size, (2) the fluid-phase density is a function of 
substrate concentration, (3) the liquid phase moves upward through the vessel 
in plug flow, (4) substrate-utilization rates are first-order in biomass concentra- 
tion but zero-order in substrate concentration, and (5) the catalyst-particle 
Reynolds number based on the terminal velocity is small enough to justify 
Stoke’s law (recall Example .1.1). Assumptions (4) and (5) are reasonable for 
many applications, and (1) to (3) may be adequate approximations. 

Under these assumptions. the substrate conservation equation follows the 
form of Eq. (9.15): 
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Figure 9.31 A tower fermentor used for contin- 
uous brewing. ‘Courtesy of 4. P. V. Co.. Ltd.) 
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Figure 9.32 Column fermentor data for yeast growth on a sugar mixture show an initially rapid rate 
of substrate utilization (as revealed by change in wort specific gravity), followed by a period of much 
slower utilization rates. (Reprinted from R. N. Greenshield and E. L. Smith, “Tower-Fermentation 
Systems and Their Applications,” The Chemical Engineer, May 1971, 182.) 


dictated entirely by hydrodynamic factors rather than the biochemical-reaction- 
metabolism features emphasized for other reactor types. Substituting Eq. (9.122) 
into (9.121) leaves two unknowns, s and u as functions of position z in the tower. 

We complete the model by applying Eq. (9.15) to total mass (r, = 0) to 
reveal 


d 
— (pu) = 0 (9.123) 
dz 
Expanding (9.123) and using p = p(s) gives 
du dp\ ds 
p(s) pa + (« A rp = 0 (9.124) 


To cast the model in standard form suitable for numerical integration, we may 
now view Eqs. (9.121) and (9.124) as simultaneous algebraic equations in the 
unknowns ds/dz and du/dz. Solving this algebraic set, which need not be written 
out in full here, gives ds/dz and du/dz in terms of s and u: a set of two simulta- 
neous differential equations to be integrated with the initial conditions 


s(0) = s; u(0) = u; = — (9.125) 


where A, is the tower cross section at the bottom. The effluent substrate concen- 
tration s, 1s s(z = L). 

All this is much simplified if we assume that whatever fluid density changes 
occur do not affect u significantly. With u independent of position, Eq. (9.121) 
integrates directly, with the result 


u\1/4:85-77 | 
eae (9 iF (9.126) 
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where x from Eq. (9.122) has been inserted and L is the tower height. Such linear 
dependence of substrate concentration on mean reaction time L/u is apparent in 
at least portions of Fig. 9.32 (if we also assume a linear relationship between s 
and p). ; 

Unfortunately, however, the data in Fig. 9.32 suggest that our most serious 
error in this model is lumping of many substrates: the various sugars consumed 
during the anaerobic alcohol fermentation have been grouped together into a 
single hypothetical or average substrate in our model. In doing this, we have no 
way to include the glucose effect, which plays a very important role in the Opera- 
tion of continuous tower fermentors for brewing. 

It is usually desirable to attempt to maintain plug flow of the reaction mix- 
ture through the fluidized bed. Instabilities in the flow patterns within the bed 
can in some situations cause significant backmixing which results in deterioration 
of reactor performance. Increased backmixing is more likely as the reactor capac- 
ity increases by increasing diameter and as the fluid-flow rate through the reactor 
is decreased. In many instances in biological fluidized-bed reactors, relatively 
small fluid linear velocities are necessary because small catalyst particles are used 
and the density difference between the fluid and the catalyst particles is low. Also, 
lower fluid velocities give greater catalyst concentrations in the reactor. It has 
been shown that insertion of static mixing elements into a fluidized-bed bioreac- 
tor can substantially improve the bed expansion characteristics and reduce unde- 
sired fluid backmixing [44]. 

Since packed-bed reactors provide a closer approximation to plug-flow, the 
question may arise as to the advantages and motivations for use of fluidized-bed 
bioreactors. One major consideration in this connection is contacting of the reac- 
tion mixture with gases. It is very difficult to provide effective aeration of packed- 
bed reactors at significant scale, and, in cases where gaseous products such as 
CO, are produced, to prevent excessive buildup of gas in later portions of the 
reactor. A fluidized-bed reactor provides a less constrained flow environment for 
gas-liquid-solid contacting and mass transport. Providing good gas and liquid 
supply to biocatalysts is also a major advantage of trickle-bed reactors, our final 
topic in this section. 


9.6.5 Trickle-Bed Reactors 


Trickle-bed reactors are three-phase systems containing a packed bed of hetero- 
geneous catalyst and flowing gas and liquid phases. One (or more) reactant is 
provided in each feed liquid and gas phase, so that biochemical reaction depends 
on contacting of liquid, containing the sparingly soluble reactant from the gas 
phase, with the catalyst surface. Accordingly, the performance of such reactors is 
substantially influenced by the physical state of gas-liquid flow through the fixed 
bed and by the associated mass-transfer processes. 

The important physical characteristics of such a reactor are the surface area 
of the packing, the efficiency of wetting of the catalyst by the flowing liquid 
phase, the gas-liquid flow pattern, mass transfer of sparingly soluble reactants 
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from the gas to the liquid phase, mass transfer of both reactants to the catalyst 
surface, and, in the case of a porous or permeable catalyst, diffusion of reactants 
to the intraparticle catalytic sites. 

One of the first applications of trickle-bed bioreactors which remains in prac- 
tice today is the trickling biological filter used for wastewater treatment. In this 
system, which is described in more detail in Chap. 14, a rotating distributor 
sprays the liquid waste stream over a circular bed of gravel on which microbial 
films adhere. The liquid trickles down and through the packed bed in approxi- 
mately laminar flow, while air rises through the bed by natural convection due to 
heat generated by the microbial reaction. A very similar operating design has 
been used for manufacture of vinegar (biological oxidation of ethanol to acetic 
acid) in a rectangular column packed with wood chips. For such a laminar liquid 
flow case, assuming a simplified geometry such as a plane sheet, a detailed model 
of the flow and transport processes can be formulated and solved. This problem 
is addressed further in the case study presented by Atkinson [5]. 

In applying biocatalysts in industrial practice, other trickle-bed reactor con- 
figurations involving cocurrent upflow or downflow of the two phases can be 
employed. Such reactors have long been used in the petroleum and petrochemi- 
cal industry for hydrocracking, hydrotreating, and other multiphase reaction 
processes. When specifying operating conditions and formulating design models 
for such reactors, it is important to remember that, depending upon the gas and 
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liquid flow rate (and to some degree on other properties of the fluids), a broad 
spectrum of two-phase flow regimes ranging from continuous liquid phase with 
dispersed bubbles to continuous gas phase with dispersed droplets or mist can be 
obtained (Fig. 9.33). Also, an unstable flow regime in which pulses of gas and 
liquid alternatively pass as slugs through the reactor is evident. The regions in 
Fig. 9.33 labelled pilot plant and commercial plant are taken from experience in 
petroleum processing. Some bioreactor operating regimes involve slow air fow 
rate. In trickling-filter biological waste treatment, for example, the small exother- 
micity of the reaction drives aeration upflow by natural convection. 

The types of reactor models applicable here resemble those considered earlier 
in this section. Typically, the system is divided conceptually into a solid phase in 
contact with a covering liquid film in contact with the gas phase. This is a direct 
extension of the two-phase bubble-column already mentioned. Then, transport 
between and through the phases is considered along with any diffusion limita- 
tions on reaction rates. An excellent case study illustrating engineering treatment 
of a biological trickle-bed reactor has been reported by Briffaud and Engasser 
based on their studies of a trickle-flow fixed-film bioreactor for conversion of 
glucose to citric acid [46]. 

As is always the case in selecting a certain reactor configuration, many de- 
sign, construction, and operating properties must be considered. Table 9.11 lists 
the comparative advantages and disadvantages of trickle-flow, stirred-slurry, and 
sparged-slurry-column or fluidized-bed reactors for achieving three-phase con- 
tacting and reaction. 


Table 9.11 Comparison of design and operating characteristics of 
different three-phase reactor configurations. 

(Reprinted by permission from J. F. van de Vusse and J. A. Wesselingh, “ Multiphase 
Reactors,” p. 561 in “Chemical Reaction Engineering: Survey Papers” (4th Interna- 
tional/6th European Symposium on Chemical Reaction Engineering), DECHEM A, 
Frankfurt, 1976.) 


+ GOOD 
— POOR 
eee 
Reactor 
a a a 
Problem areas Trickle-flow Stirred slurry Sparged slurry column 
Staging ++ — + 
Pressure drop — “4 + 
Maxium flow rates — + ++ 
Heat removal (+) + £ 
Catalyst replacement — + + 
Catalyst attrition (+) — (+) 
Catalyst utilization — + + 
Ease of construction + — ++ 
Scaling-up (+) + = 
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9.7 FERMENTATION TECHNOLOGY 


In order to gain some appreciation of different practical aspects of bioreactor 
design and operation and the process context in which such reaction processes 
occur, we shall consider in this section some aspects of industrial practice in use 
of microbial bioreactors (which are traditionally called fermentors). Our primary 
emphasis will be on standard materials and methods used in batch-fermentation 
processes. At the close of this section, we will examine some of the alternative 
reactor designs which have been evaluated in small scale and in some cases have 
been implemented on extremely large scales. 

Figure 9.34 is a schematic illustration of the important components of a 
typical fermentation process. Selection of a suitable medium has already been 
mentioned (Sec. 7.1.2), as have means of sterilizing it (Sec. 9.4) and any necessary 
gases (Chap. 8). Additional comments on medium formulation are provided in 
the following section. Although some influences of the inoculum on process be- 
havior were discussed in Chap. 7, the microbiological problems encountered in 
this step require further investigation here. Section 9.7.2 will concentrate on the 
design of the fermentation vessel itself. Instrumentation and control are examined 
in Chap. 10; cell and product recovery operations are considered subsequently in 
Chap. 11. 


9.7.1 Medium Formation 
A variety of factors must be considered when formulating a fermentation me- 


dium. One relates to cellular stoichiometry and the desired amount of biomass to 
be produced. The basic concept here is simply a material balance: during the 
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course of cellular growth, small organic and inorganic molecules such as glucose 
and ammonia are converted into biomass. Nutrients (reactants) must be provid- 
ed in sufficient quantities and proper proportions for a specified amount of bio- 
mass (products) to be synthesized. Computation of the necessary amounts of 
various substrates clearly requires knowledge of the product (biomass) composi- 
tion. Typical elementary compositions of several different microorganisms were 
listed in Table 5.10. Also important in medium formulation is provision of neces- 
sary minerals (Table 9.12). 

Once the elemental requirements have been calculated, choices still remain of 
the chemical compounds used to supply the necessary elements.Many commer- 
cially important microorganisms are chemoheterotrophs whose energy and car- 
bon needs are satisfied by simple sugars. Instead of purified sugars, crude sources 
such as beet, cane, or corn molasses (50 to 70 percent fermentable sugars) are 
frequently used as carbon and energy sources in industrial fermentation media. 
In some instances process wastes like whey and cannery wastes provide cheap yet 
satisfactory carbon sources for fermentations. For example, one type of food 
yeast is grown commercially using a byproduct of papermaking, sulfite waste 
liquor, which contains about 2 percent fermentable hexoses and pentoses. 

A variety of possible nitrogen sources are available including ammonia, urea, 
and nitrate. If the microorganism produces proteolytic enzymes, however, it can 
obtain necessary nitrogen from a variety of relatively crude proteinaceous 
sources. Among the possibilities for such crude sources are distiller’s solubles, 
cereal grains, peptones, meat scraps, soybean meal, casein, cereal grains, yeast 
extracts, cottonseed meal, peanut-oil meal, linseed-oil meal, and corn-steep li- 
quor. Especially important in penicillin fermentation media, corn-steep liquor is a 


Table 9.12 Inorganic constituents of different 


microorganisms 

_ g/100 g dry weight 
Element Bacteria Fungi Yeast 
Phosphorus 2.0-3.0 0.4-4.5 0.8-2.6 
Sulphur 0.2-1.0 0.1-0.5 0.01-0.24 
Potassium 1.0-4.5 0.2-2.5 1.0-4.0 
Magnesium 0.1-0.5 0.1-0.3 0.1-0.5 
Sodium 0.5-1.0 0.02 -0.5 0.01 -0.1 
Calcium 0.01-1.1 0.1-1.4 0.1-0.3 
Tron 0.02-0.2 0.1-0.2 0.01-0.5 
Copper 0.01-0.02 -essea 0.002-0.01 
Manganese 0.001-0.01 es 0.0005-0.007 
Molybdenum — «ss ee eee e eee vee eee 0.0001 -0.0002 
Total ash 7-21 2-8 5-10 


t From S. Aiba, A. E. Humphrey, and N. F. Millis, Bio- 
chemical Engineering, 2d ed., p. 29, Academic Press, Inc., New 
York, 1973. 
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concentrated (50 percent solids) aqueous waste resulting from the steeping of 
corn to make corn starch, gluten, and other products. 

We have mentioned in earlier chapters that some microorganisms require an 
external source of some amino acids and growth factors. Other microbes which 
do not have a strict requirement for such medium adjuncts are frequently more 
productive if nonessential growth factors and nitrogen and carbon sources are 
provided. In industrial practice growth factors are typically provided by some of 
the crude-medium components already mentioned, e.g., corn-steep liquor or yeast 
autolysate. Similarly, these crude preparations often supply many of the minerals 
necessary for cell function. Other minerals are added to the medium as necessary. 

When product formation is the major objective of a fermentation, precursors 
may be added to the medium to improve yield or quality. Generally the precur- 
sor molecule or a closely related derivative is incorporated into the fermentation 
product molecule. Specific examples of precursor applications include benzoic 
acids for production of novobiocins, phenylacetic acid for manufacture of penicil- 
lin G, and 5,6-dimethylbenzimidazole for vitamin B,- fermentation. In addition 
to these well-defined precursors, crude media components like corn-steep liquor 
may also provide useful precursor compounds. 

Additional detail on selection and formulation of fermentation media are 
given in the References. We now turn our attention to other aspects of fermenta- 
tion technology. 


9.7.2 Design and Operation of a Typical 
Aseptic, Aerobic Fermentation Process 


While common features are evident among most commercial fermentation pro- 
cesses, significantly different process designs as well as Operating practices arise, 
often as a result of varying sensitivity to contamination by undesirable organ- 
isms. If it is necessary to avoid any intrusion, the fermentation must be operated 
on an aseptic basis so that a pure culture is maintained. In some situations, e.g., 
yeast growth at low pH or fermentation of hydrocarbons by carefully selected 
bacterial strains, aseptic precautions can be relaxed somewhat since operating 
conditions discourage growth of many potential contaminants. 

This section will concentrate on aseptic practices since they impose the great- 
est demands on the Ingenuity and thoroughness of the biochemical engineer. Our 
discussion follows the general sequence of events in the operation of a batch 
fermentation, beginning with development of an inoculum from a stock culture. 

Preparation of an inoculum requires careful proliferation of relatively few 
cells to a dense suspension of from 1 to 20 percent of the volume of the produc- 
tion fermentor. This involves a stepwise procedure of increasing scale. The start- 
ing point is a stock culture. a carefully maintained collection of a particular 
microbial strain. Since the strain may be the result of extensive screening and 
mutation searches and may constitute a significant competitive advantage in the 
industry, it is imperative that the integrity of the production species be preserved. 
The usual strategy for achieving maximal genetic stability in a stock strain is to 


minimize its metabolic activities during storage. Microorganisms are usually 
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maintained in the desired dormant state by lyophilization (freeze-drying) of a 
liquid cell suspension or by thoroughly drying dispersions of spores or cells on 
sterile soil or sand. Highly mutated stock organisms are frequently susceptible to 
hack mutation and other types of undesirable genetic instability. Thus. constant 
checks on stock cultures are essential. 

If we take lyophilized culture as an example, the next step in inoculum 
Preparation is suspension of the cells in a sterile liquid. A drop of this suspension 
is then transferred to the surface of an agar slope or slant, made by solidifying a 
sterile nutrient medium in an inclined test tube using agar, a polysaccharide 
derived from seaweed. After incubation to obtain sufficient growth. the cells are 
again suspended in liquid and added either to a larger agar surface in a flat-sided 
Blake or Roux bottle or transferred to a shake flask. These flasks are agitated in 
machines which shake them in rotary or reciprocal patterns to promote sub- 
merged growth with adequate transport of gases to and from the organisms. 
Several successive steps with increasingly larger flasks usually are required before 
proceeding to the next step. All the transfers described above must be accom- 
plished under sterile conditions. Rooms especially designed to permit sterilization 
and maintenance of aseptic conditions and controlled temperature are used in 
the fermentation industry for these delicate Operations. - 

Further proliferation of the culture is next accomplished in one or more seed 
vessels, small fermentors with many of the instrumentation and control systems 
typical of large production units. Conditions in these reactors are chosen to 
maximize growth of the culture. 

Since at this point we have moved from conditions typical of a microbiol- 
ogy laboratory into the plant environment, it is well to pause and consider some 
of the special design features required to maintain aseptic conditions. First, the 
system must be arranged to permit independent sterilization of its components. 
As an example of the extreme care this requires in design and operations, con- 
sider the problem of transferring the inoculant from the seed tank to the produc- 
tion fermentor. The schematic in Fig. 9.35 illustrates the required services and 


Figure 9.35 Valve and piping configuration for 
aspectic inoculation of a large-scale fermentor. 
Operation sequence: (1) install pipe section AB; 
(2) sterilize connection with 15 lb, in? gauge steam 
for 20 min valves D to J open: valve C remains 
closed; condensate collects in steam traps in 
branches H and /: (3) cool fermentor under sterile 
air pressure with valves C, G. H, I, J closed and 
valves D. E. F left open: sterile medium fills connec- 
tion: (4) increase pressure in seed tank to 10 Ib/in? 
gauge: lower fermentor pressure to 2 lb-in? gauge: 
(5) transfer inoculum by opening valve C: (6) steam- 
seal fermentor-seed-tank connections by closing C 
and F and opening G and J: steam and condensate 
is bled from partially open D and E. 
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Figure 9.36 (a) Cutaway diagram of a 100,000-liter fermentor used for penicillin production. (b) Pho- 
tograph looking down into a large production fermentor. [(a) Reprinted from S. Aiba, A. E. Humph- 
rey and N. F. Millis, “ Biochemical Engineering,” 2d ed., p. 304, University of Tokyo Press, Tokyo, 1973. 
(b) Reprinted from R. Müller and K. Kieslich, “Technology of the Microbiological Preparation to 
Organic Substances,” Angew. Chem. Intl. Edit. Eng., vol. 5, p. 653, 1966.] 
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Figure 9.36 (Continued) 


sequence of events. All valves in the system must be easy to maintain, clean, and 
sterilize. For these reasons ball valves are quite popular. Several other general 
principles of aseptic process design are shown in Fig. 9.35. Specifically, all vessel 
connections should be steam-sealed: no direct connections between sterile and 
nonsterile portions of the system should be allowed. Maintenance of a positive 
pressure on the system ensures that leakage will be outward rather than inward. 

The physical characteristics of a typical commercial fermentation vessel are 
shown in Fig. 9.36. These vessels are usually constructed from stainless steel to 
minimize corrosion problems and contamination of the fermentation broth by 
unwanted metallic ions (recall the discussion in Sec. 5.9.2 on. the influence of 
iron ions in the citric acid fermentation). Care must be taken here and elsewhere 
in the overall process to avoid dead spaces, crevices, and other niches where 
solids resistant to sterilization can accumulate and where microbial films can 
grow. All-welded vessel construction with polished welds helps to minimize these 
problems. 

The agitator assembly is designed to meet the mixing and aeration require- 
ments already discussed in Chap. 8. Special attention to the design and mainten- 
ance of the aseptic seal is essential to avoid contamination. Although only one 
impeller is required in laboratory-scale fermentation, several may be necessary in 
a large commercial vessel. 

Typically only 70 to 80 percent of the vessel volume is filled with liquid, with 
a gas space occupying the top portion of the tank. Often the combined action of 
aeration and agitation of the liquid promotes the formation of a foam on the 
liquid surface, especially if the medium contains high concentrations of peptides. 
Foam impedes gas mass transfer from the broiti to the head space, forcing foam 
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out of the vessel and contaminating the system when collapsed foam reenters the 
fermentor. In Fig. 9.36, a supplementary agitator located in the head space serves 
to destroy the foam. For especially persistent foams, chemical agents called anti- 
foams are added to the broth. These compounds destabilize the foam by reducing 
surface tension. As noted in Chap. 8, the interfacial characteristics of antifoams 
can decrease the rate of oxygen transfer. 

Several functions can be served by the heat-transfer coils within the vessel. If 
the medium is to be sterilized batchwise within the fermentor, these coils must 
have adequate capacity for the necessary heating and cooling. The heat-exchange 
system must also be able to handle the peak process load, which includes the 
combined effects of microbial activity and viscous dissipation from mixing (Sec. 
8.10). Typical heat-transfer coefficients for uninoculated medium are about the 
same as for water, while a dense mycelial broth may exhibit a coefficient more 
typical of a paste. 

Fermentation in the production vessel may take from less than 1 day to 
more than 2 weeks, 4 to 5 days being typical of many antibiotic manufacturing 
processes. During this interval, operating conditions must be carefully main- 
tained or varied in a predetermined manner. More details.on this operating 
practice will be provided in Chap. 10. Nevertheless, it should be evident from the 
general review already given that aseptic fermentation is an expensive, time- 
consuming proposition. Obviously, loss of product from one batch cycle can be 
extremely costly, so that the previous emphasis accorded sterilization is well 
taken. 


9.7.3 Alternate Bioreactor Configurations 


A number of factors, summarized in Table 9.13, have motivated development of 
new types of bioreactors. Many of these factors were encountered in the develop- 
ment by ICI of an extremely large-scale SCP process. This reactor has a total 
volume of 2300 m° (a column of 7-m diameter and 60-m height within an effec- 
tive reactor volume of 1560 m°). Furthermore, in this reactor organisms are 
grown on methanol, resulting in extremely large heat release. A conventional 


Table 9.13 Factors motivating development of new types 
of reactors [50] 


1. Construction of very large reactors 
LI. Design problems 
1.2. High power requirement (P/V = constant) 
1.3. High costs of energy and cooling water 
1.4. Problems of heat removal 
2. Reduction of specific capital costs 
Reduction of specific energy costs 
. Avoidance of cell damage 
. Reduction of substrate losses (due to evaporation and respiration) 
. Increase of substrate conversion 
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sparged, mechanically agitated stirred-tank fermentor is completely impractical 
on this scale. This led to the development of a new airlift design mentioned in the 
previous section. 

A number of other alternative reactor configurations have been proposed 
and examined in various scales ranging from laboratory to pilot to full scale. An 
excellent summary of many of these designs and their properties with respect to 
efficiency of energy use for gas dispersion and mixing have been presented in a 
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Figure 9.38 Circulation driven by an external pump provides energy input in these types of reactors 
[50]. 


pons a 


actors 


DESIGN AND ANALYSIS OF BIOLOGICAL REACTORS 629 


review article by Schiigerl [50]. In that review, bioreactors have been Classified 
according to three main classes of energy input. 

One class of bioreactors employs mechanically moved internals for energy 
input (Figure 9.37). In several of these designs an internal draft tube provides a 
defined circulation pattern to achieve loop flow patterns. Design 1.6 is a horizon- 
tal loop with foam separator which is completely filled with the gas-liquid mix- 
ture. In case 1.9, pulsation of the liquid flow occurs, and in configuration 1.11, 
viewed here from the side, disks on a rotating shaft are intermittently dipped into 
the liquid contents at the bottom of the reactor. 

Figure 9.38 shows another set of reactor configurations in which energy is 
provided by liquid circulation using an external pump. In design 2.1 the liquid 
jet is injected downward and plunges into the liquid reactor contents, while in 
design 2.7 the injection nozzles for fluid are at the tips of a rotating bar. 

The final group of reactor types, where energy input is provided in the form 
of compressed gas, are sketched in Fig. 9.39. In most of these designs, reactor 


G G 
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‘internals are provided for redispersion of gas and several different loop-flow 
configurations are evident. Further details on all of these reactor configurations 
and additional references are available in Schiigerl’s review [50]. 


9.8 ANIMAL AND PLANT CELL REACTOR TECHNOLOGY 


Growth of animal cells in culture is currently used for manufacture of several 
products including vaccines, the proteolytic enzyme urokinase, monoclonal anti- 
bodies, and interferons. Such processes also have substantial potential for pro- 
duction of other lymphokines (a group of proteins which regulate certain aspects 
of the immune system), other enzymes, growth factors, clotting factors, and 
hormones. The advent of recombinant DNA technology introduces competition 
with animal cell cultivation for some of these products but also presents new 
possibilities for product manufacture using animal cell culture. On one hand, the 
opportunity of expressing foreign proteins in microorganisms means that mi- 
crobial processes can now be used to manufacture these proteins in significant 
quantity. However, as explained in section 6.4.4, protein naturally synthesized in 
animal cells are often subjected to several different types of posttranslational 
modifications which are not accomplished in procaryotes. This means that for 
molecules requiring such posttranslational modification for activity or stability, 
eucaryotic hosts are necessary. Furthermore, problems with proper protein fold- 
ing and proteolytic attack makes expression of some eucaryotic proteins difficult 
in procaryotic hosts. With improving methods for expression of foreign genes in 
animal cells, the prospects for industrial recombinant host-vector systems using 
animal cells are increasing. 

Many useful and interesting chemicals can conceivably be synthesized in 
cultures of plant cells. Also, cultivation of plant cells may facilitate genetic engi- 
neering of plants and may ultimately allow the regeneration of whole crop plants 
from tissue originated in culture. 

There are several common features in cultivation of plant and animal cells 
which complicate reactor design for their cultivation and for manufacture of their 
products. Many of the cell types of interest exist naturally as dense packings of 
similar cells. Such cell tissues in their native state are contacted with fluids of the 
organism of specific composition and containing a variety of regulatory mole- 
cules which can strongly influence cellular function. Growth rates of the cells may 
naturally be very -low. The challenges faced in submerged cultivation of these 
cells is to provide an acceptable environment for growth of the cells—many types 
of plant and animal cells when placed in culture do not grow at all. Once this 
obstacle has been surmounted, the goal is to determine cultivation conditions 
which allow growth of cells to high densities in the shortest possible time, while 
retaining the metabolic capability of the cells to carry out the desired reactions. 

In this section, we will concentrate primarily on approaches to environmen- 
tal support of animal cells and a brief summary of some experiences with these 
Organisms. Developments in plant cell culture are at a relatively early stage and 
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will be more briefly summarized at the end of this section. Because of the expense 
of animal cell cultivation, because of slow growth rates which prolong experi- 
mental studies. and because of some neglect, quantitative characterization of the 
kinetic properties of animal cells is practically nonexistent. In many cases, limit- 
ing nutrients are not known. and descriptions of growth and product formation 
kinetics as functions of nutrient and inhibitor concentrations, pH. temperature, 
and other environmental variables are not generally available. Although the in- 
fluence of mechanical forces on animal and plant cell cultures is recognized as a 
critical factor in reactor design, controlled studies designed to characterize in 
engineering terms the connection between mechanical forces and cell survival, 
growth, and morphological state are lacking. Instead, hardware and catalyst con- 
figurations have been invented which provide enhancements in growth rates, 
greater cell densities, or more product. Although substantial advances have 
been accomplished based on this empirical approach, there is room for great 
improvement based on new and improved designs once the kinetic behavior and 
engineering properties of these cells are more thoroughly understood. 


9.8.1 Environmental Requirements for Animal Cell Cultivation 


Culture media for animal cells is relatively complicated and expensive compared 
with microbial media. Antibiotics are usually included to reduce problems with 
microbial contamination. Animal serum is included in most media at concentra- 
tions from 5 to 20 vol % in order to promote cell replication. Some but not all of 
the functions provided by serum in animal cell growth medium have been identi- 
fied. Serum helps to generalize the utility of the given medium for growth of 
different types of animal cells which may have different nutritional and growth. 
factor requirements. It has been observed that nutritional requirements can de- 
pend upon cultivation conditions, and in these cases use of a rich and very 
abundant medium component helps to compensate for uncertainties in particular 
nutritional requirements. For reasons not yet understood, cells grown in media 
with greater serum content tend to be more resistant to mechanical damage. 

There are, however, a number of problems associated with serum use in cell 
cultivation media. First, serum is the major cost in large-scale cell production. 
For example, serum, which can cost up to $300/L, contributes 80 percent of the 
material cost when used at a level of 10 percent. Serum also represents a major 
source of contamination to the culture by viruses, mycoplasma (parasitic or 
pathogenetic gram-negative procaryotes), and bacteria. Serum can contain in- 
hibitors which interfere with virus replication (for vaccine production) or enzyme 
production. As in the undefined natural complexes added to microbial growth 
media, serum represents a variable and somewhat unpredictable medium com- 
ponent. Finally, serum introduces pyrogenic (fever-producing) contaminants into 
the medium which complicate product recovery. The albumin protein back- 
ground contributed by serum also interferes with recovery of protein products 
present in low concentrations such as monoclonal antibodies, motivating the use 
of serum-free medium in order to facilitate recovery of the desired product. 
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Figure 9.40 Schematic diagram of a cell culture technique which uses filtered cow lymph to provide 
medium components. (Reprinted by permission of Bio- Response, Inc.) 


One novel strategy which has been proposed for reducing the cost of com- 
plex adjuncts for cell culture media is illustrated in Fig. 9.40. Here, whole lymph 
from a live cow is filtered and subsequently contacted with cells in the growth 
chamber using a hollow fiber ultrafilter. Provisions for adding supplements to 
complete the medium and for gas exchange are indicated. 

Substantial advances have been made in formulation of a variety of hormon- 
ally defined, serum-free media. Such media offer the potential advantages of opti- 
mal tuning of the mixture of the medium for the particular organism and 
cultivation conditions, elimination of contamination problems, and more repro- 
ducibility. However, defined medium has the disadvantages of higher cost and of 
possible long-term effects on the organisms which are not easily anticipated or 
discovered during an initial short-term evaluation of the medium. 

Animal cells do not possess cells walls to provide mechanical strength and 
are larger than microbial cells. Consequently, there are constraints on the forces 
which can be applied to a cell culture reactor in order to mix the cells, or cell- 
carrying or -containing particles, to maintain uniform environmental conditions 
and to accelerate transfer of oxygen into the culture. Animal cells require oxygen 
at a level of approximately 25-40 percent of air saturation, and design of oxygen 
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supply systems for large-scale animal cell cultivation is an ongoing engineering 
problem. The demands imposed on the reactor engineer are moderated here 
because of the relatively slow growth and metabolic rates of the cells. 

Oxygen requirements for a culture of typical density 10° cells mL~! is in the 
range of 0.05 mmol O, L™'h™! to 0.6 mmol O, L`?! h~}. In small vessels charac- 
teristic of laboratory cultures, this oxygen requirement can be met simply by 
oxygen dxtusion from the gas in the head space of the vessel into the bulk liquid. 
This gas overlay exchange is insufficient to meet oxygen needs of the culture in 
larger scale. Here direct sparging of gas into the fluid has been used successfully 
in some cases. In other instances, this direct sparging appears to damage the cells 
and may also cause excessive foaming, especially in media containing large quan- 
tities of serum. An alternative approach which has been proposed is immersion in 
the culture fluid of silicon tubing with oxygen diffusing from the flowing gas in 
the tubing into the medium without bubble formation. The overall mass-transfer 
coefficient for oxygen transfer through silicon tubing is around 0.35 mmol 
O,atm™'cm~*h~? from which the amount of tubing required can be calcu- 
lated. As the scale of cultivation increases, the practical feasibility of providing 
the necessary tubing becomes increasingly problematic. 

In relatively advanced technology for animal cell cultivation, the pH of the 
culture is monitored and controlled, typically at values near 7.0. Today, there is 
very little experience with highly instrumented cell culture reactors to which the 
fullest possible set of data analysis and control strategies have been applied. As 
we shall investigate in the following chapter, there are many available instru- 
ments and approaches from microbial bioreactors which can be applied in the 
future to improve performance of cell culture reactors. 

pH control in cell culture systems has been provided by a number of different 
approaches. Use of buffers in the medium can moderate pH changes which often 
occur due to lactic acid production by the cells. pH can also be manipulated by 
adjustment of the CO, content of the gas in contact with the culture. Direct 
addition of base is another possible approach. In reactors with continuous or 
intermittent exchange of reactor medium with fresh medium, pH variations can 
also be moderated. 


9.8.2 Reactors for Large-Scale Production Using Animal Cells 


Different types of animal cells can be divided into two broad classes depending 
upon their need for attachment to a solid surface for growth. Cells from the 
blood stream, lymph tissue, tumors, and many transformed cells can be adapted 


- for growth in suspension culture. Other types of animal cells must be anchored to 


a compatible solid surface in order to grow. Furthermore, in the latter case, a 
contact inhibition regulatory mechanism usually prohibits growth beyond single 
monolayer coverage of the surface. On a small scale, required agitation is provid- 
ed by use of a magnetic stirrer and a small “spinner flask” for suspended cells 
and by use of a cylindrical “roller bottle” partly filled with medium which rolls 
on its side horizontally at about one revolution per minute. 
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Figure 9.40 Schematic diagram of a cell culture technique which uses filtered cow lymph to provide 
medium components. (Reprinted by permission of Bio- Response, Inc.) 


One novel strategy which has been proposed for reducing the cost of com- 
plex adjuncts for cell culture media is illustrated in Fig. 9.40. Here, whole lymph 
from a live cow is filtered and subsequently contacted with cells in the growth 
chamber using a hollow fiber ultrafilter. Provisions for adding supplements to 
complete the medium and for gas exchange are indicated. 

Substantial advances have been made in formulation of a variety of hormon- 
ally defined, serum-free media. Such media offer the potential advantages of opti- 
mal tuning of the mixture of the medium for the particular organism and 
cultivation conditions, elimination of contamination problems, and more repro- 
ducibility. However, defined medium has the disadvantages of higher cost and of 
possible long-term effects on the organisms which are not easily anticipated or 
discovered during an initial short-term evaluation of the medium. 

Animal cells do not possess cells walls to provide mechanical strength and 
are larger than microbial cells. Consequently, there are constraints on the forces 
which can be applied to a cell culture reactor in order to mix the cells, or cell- 
carrying or -containing particles, to maintain uniform environmental conditions 
and to accelerate transfer of oxygen into the culture. Animal cells require oxygen 
at a level of approximately 25-40 percent of air saturation, and design of oxygen 
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supply systems for large-scale animal cell cultivation is an ongoing engineering 
problem. The demands imposed on the reactor engineer are moderated here 
because of the relatively slow growth and metabolic rates of the cells. 

Oxygen requirements for a culture of typical density 10° cells mL”! is in the 
range of 0.05 mmol O, L-1 h7™! to 0.6 mmol O, L7! h™t. In small vessels charac- 
teristic of laboratory cultures. this oxygen requirement can be met simply by 
oxygen dHfusion from the gas in the head space of the vessel into the bulk liquid, 
This gas overlay exchange is insufficient to meet oxygen needs of the culture in 
larger scale. Here direct sparging of gas into the fluid has been used successfully 
in some cases. In other instances, this direct sparging appears to damage the cells 
and may also cause excessive foaming, especially in media containing large quan- 
tities of serum. An alternative approach which has been proposed is immersion in 
the culture fluid of silicon tubing with oxygen diffusing from the flowing gas in 
the tubing into the medium without bubble formation. The overall mass-transfer 
coefficient for oxygen transfer through silicon tubing is around 0.35mmol 
O,atm™'cm~*h7~! from which the amount of tubing required can be calcu- 
lated. As the scale of cultivation increases, the practical feasibility of providing 
the necessary tubing becomes increasingly problematic. 

In relatively advanced technology for animal cell cultivation, the pH of the 
culture is monitored and controlled, typically at values near 7.0. Today, there is 
very little experience with highly instrumented cell culture reactors to which the 
fullest possible set of data analysis and control strategies have been applied. As 
we shall investigate in the following chapter, there are many available instru- 
ments and approaches from microbial bioreactors which can be applied in the 
future to improve performance of cell culture reactors. 

PH control in cell culture systems has been provided by a number of different 
approaches. Use of buffers in the medium can moderate pH changes which often 
occur due to lactic acid production by the cells. pH can also be manipulated by 
adjustment of the CO, content of the gas in contact with the culture. Direct 
addition of base is another possible approach. In reactors with continuous or 
intermittent exchange of reactor medium with fresh medium, pH variations can 
also be moderated. 


9.8.2 Reactors for Large-Scale Production Using Animal Cells 


Different types of animal cells can be divided into two broad classes depending 
upon their need for attachment to a solid surface for growth. Cells from the 
blood stream, lymph tissue, tumors, and many transformed cells can be adapted 
for growth in suspension culture. Other types of animal cells must be anchored to 
a compatible solid surface in order to grow. Furthermore, in the latter case, a 
contact inhibition regulatory mechanism usually prohibits growth beyond single 
monolayer coverage of the surface. On a small scale, required agitation is provid- 
ed by use of a magnetic stirrer and a small “spinner flask” for suspended cells 
and by use of a cylindrical “roller bottle” partly filled with medium which rolls 
on its side horizontally at about one revolution per minute. 
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Many reactor designs for larger scale cultivation of animal cells in suspen- 
sion resemble microbial bioreactors. Often the flat-bladed turbine mixers com- 
mon in microbial processes are replaced by propeller agitators. In another quite 
effective design at the 100-L scale, “sails” of monofilament fiber are used in place 
of impeller blades to provide mixing of the culture suspension. Not often encoun- 
tered in microbial cultivation, the Vibromixer has been used in animal cell bio- 
reactors. This mixer is a circular flat disk containing several holes, mounted 
horizontally on the bottom of the shaft in the fluid. Rapid vertical oscillation in 
shaft position vibrates the perforated disk vertically in the fluid, creating a circu- 
lation pattern in the vessel. Airlift designs similar to those discussed earlier have 
also been used for animal cell cultivation. 

A different perspective is appropriate when using the term “large-scale” in 
connection with animal cell cultivation. Here, because of the high value of the 
product and the high operating expense, a reactor as small as 10 liters may 
qualify as large scale, and a reactor of 100 liters certainly does. 

Another factor favoring the use of relatively small reactors for animal cell 
cultivation is the relatively slow growth rate of these cells. Shown in Fig. 9.41 is 
data on growth in batch cultivation of the human liver adenocarcinoma cell line 
SK-HEP-1. Table 9.14 summarizes observed specific growth rate and oxygen 
uptake rates for several cell lines. In the first two cases, the cells were grown in 
suspension in an airlift fermentor. The final two cell types mentioned are anchor- 
age-dependence lines, cultivation of which will be considered shortly. 

Two different types of encapsulation methods have been demonstrated 
for achieving very high local cell densities. Instead of growing suspended cells, 
the cells are immobilized by entrapment using ultrafiltration membranes or 
by microencapsulation. Although conceptually similar to cell immobilization 
methods discussed earlier for microbial cells, the opportunities and the require- 
ments are somewhat different for animal cells which are relatively large. In one 
quite promising microencapsulation process [60], cells are first entrapped in 
alginate beads (see Fig. 9.27). A surface coating of polylysine is applied and cross- 
linked, after which the alginate gel can be dissolved and removed. In this formu- 
lation, the cells are suspended within an entrapping network of polylysine, and, 
after growth, can pack the interior to cell densities approaching that of tissue. 
These strategies offer promise of higher volumetric productivites in animal cell 
reactors. 

Special requirements arise in scaling up bioreactors for anchorage-dependent 
cells. The surface-to-volume ratio for a roller bottle is low, making scale-up by 
use of larger bottles quite impractical. A number of different methods have been 
demonstrated for increasing surface-to-volume (S/V) ratio in a bioreactor and 
thereby increasing the volumetric density of anchorage-dependent cells. Several 
of the possible designs and their S/V ratios are illustrated schematically in Fig. 
9.42. Among these options, greatest attention recently has concentrated on appli- 
cation of microcarriers, small beads on which cells grow, which can be suspended 
in cultivation fluid. A major advantage of the micreearrier approach is the op- 
portunity of using many of the same reactors and contacting designs for micro- 
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Figure 9.41 Time course of batch cul- 
tivation of SK-HEP-1 (human liver 
adenocarcinoma) cells in 100 L sus- 
pension culture. Dashed line in upper 
frame corresponds to exponential 
growth with 62 h doubling time. After 
three days, a sparge of 0.2 mL min 
100% O, was initiated. ( Reprinted by 
permission from W. R. Tolbert, R. A. 
Schoenfled. C. Lewis, and J. Feder, 
“Large-Scale Mammalian Cell Cul- 
ture: Design and Use of an Economical 
Batch Suspension System,” Biotech. 
Bioeng., vol. 24, p. 1671, 1982.) 


carrier suspensions as are used for cultivation of animal cells which are not 
anchorage-dependent. The first demonstrated microcarriers were charged dextran 
beads. Inhibition observed with the early beads was subsequently eliminated by 
modifying bead composition and decreasing bead surface charge. For example, 
one commercially available microcarrier consists of a core matrix of cross-linked 
dextran to which is covalently bound a surface layer of denatured collagen. Re- 
ported bead densities in cell culture reactors range from 3 g/L to 25 g/L. 
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Table 9.14 Summary of specific growth rates and specific oxygen uptake rates for 


different cell lines. Continuous culture was conducted in a bubble-column reactor. 
(Reprinted by permission from H. W. D. Katinger and W. Scheirer, “Status and Developments of 
Animal Cell Technology using Suspension Culture Techniques,” Acta Biotechnologica vol. 2, p. 3, 1982. ) 


Specific oxygen 


Cultivation uptake (Qo,), Specific 
technique (umol O,/10° cells growth rate, Pas 
Cell type applied x hour) x 1073 (h~!) mmHg 
BHK 21c 13 Baby hamster Continuous 85 0.018 60 
kidney culture 110 0.033 60 
Human lymphoblastoid cells Continuous 54 0.012 50 
(Namalwa) culture 75 0.020 50 
Mouse L 929 Microcarrier 20 Stationary 60-80 
phase at 
monolayer 
coverage 
65 Exponential ca. 60 


growth phase 


Human foreskin FS-4 Microcarrier 50 0.010 ca. 60 
85 0.025 ca 


When propagating animal cells from an original stock culture to a high cell 
density in a large reactor, a number of sequential steps of increasing scale are 
used. Summarized in Fig. 9.43 is a schematic flow sheet showing the cultivation 
steps typically utilized for a free suspension culture and for an anchorage-depen- 
dent culture. Note that, compared to microbial systems, the inoculum size for the 
next largest reactor is quite large. 

A number of different operating modes have been applied in animal cell 
cultivation. In addition to the simple batch process, repetitive batch operations 
have been conducted in which a fraction of the culture at the end of the batch is 
used as the inoculum for a refilled reactor which is then grown to maturity. Fed 
batch operation. which adds nutrient at some preprogrammed rate or based 
upon process measurements as the cultivation takes place, is another possibility. 
An additional option is a perfusion system in which cells are retained in the 
reactor while some of the reactor medium is removed and new medium is added. 
This is an example of the macroscale immobilization methods for cells discussed 
earlier. Finally, continuous culture with continuous removal of cells as well as 
medium has been conducted. Medium removal helps reduce cell inhibition 
caused by metabolic product accumulation. For example, ammonia inhibits cell 
growth at concentrations above 4 mM. 

The rate at which products appear can be quite different depending upon the 
process and pathway by which the product is formed: In some cases, products 
appear as the cells grow. In other cases, particular ‘precursors are added after 
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Figure 9.42 High surface area configurations for tissue culture. 
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Figure 9.43 Scale-up of animal cell cultivation using BHK (baby hamster kidney) 21 cells as an 
example. Numbers in parentheses denote total amount of cells produced at the indicated stage. 
(Reprinted by permission from H. W. D. Katinger and W. Scheirer, “Status and Developments of 
Animal Cell Technology using Suspension Culture Techniques,” Acta Biotechnologica, vol. 2, p. 3, 
1982.) 


some interval of growth giving rise to later product formation. Quite complicated 
kinetics can be observed in virus production in which the cells are serving essen- 
tially as a growth medium for the virus. In fact, it is common in the literature 
concerned with animal cell cultivation for virus manufacture to call the cell layer 
the “substrate.” The infective virus is often added after the culture has grown to a 
high density. There then follows a subsequent life cycle of growth of the virus as 
was discussed in Sec. 6.2.1. This involves a lag for penetration of the virus, syn- 
thesis, and assembly of the virus components, followed by virus appearance in 
the cells or the medium. 


(O) Antibody, ug/ml 


(O) Antibody, ug/mL 


ALS DESIGN AND ANALYSIS OF BIOLOGICAL REACTORS 639 
— 4000 
N 25% air saturation 
2 Antibody 4200 
Glucose | 3000) = 
= E 
E >i 
= TOS E 
2] © 100 
4 J 
= + 1000 
0 ements cannes | ears eee lo 
6% air saturation 
2 , 4200 
Cells 3000 E 
2 Antibody = 
È y 
rT [e] 
8 2000 § 
b, © ioo 
< =. 
— 1000 
0 Sh Jo 
1 2 3 4 5 6 7 8 9 10 f 
Days 
Figure 9.44 Time trajectories of hybridoma growth and monoclonal antibody production at different 
dissolved oxygen concentrations in a 3-liter fermentor. (Reprinted by permission from S. Reuveny, D. 
Valez, F. Riske, J. D. Macmillan. and L. Miller, “ Production of Monoclonal Antibodies in Culture.” 
an E.S.C.A.T. Mtg., Italy, May, 1984.) 
age. 
i of 
3, An example of monoclonal antibody production strongly illustrates the po- 
tential for reactor optimization. A mouse-mouse hybridoma line has been propa- 
gated in batch, fed-batch and continuous culture to produce a MAb for a surface 
ted antigen of Rhizobium japonica NR-7 cells.t Medium studies showed that an in- 
ae expensive medium could be used, consisting of Dulbecco’s Modified Eagle 
ufe Medium, plus 0.25% Primatone RL, 0.01 % Pluronic polyol F-68 and as little as 
ae % fetal bovine serum, achieving 2 x 10° cells/mL in suspension culture with 
Se doubling times of 24h. While a detailed kinetic model was not suggested, the 
oe results (Figs. 9.44 and 9.45) are intriguing. Maintenance of diminished oxygen 
yn- 
"in 


tS. Reuveny, D. Velez, F. Riske, J. D. Macmillan and-L. Miller, “Production of Monoclonal 
Antibodies in Culture,” E.S.C.A.T. Mtg., Italy, May, 1984. 
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Figure 9.45 Comparison between batch and fed-batch production of monoclonal antibodies. Cells 
were grown in 100 mL spinner flasks. In fed-batch cultivation, 5-10 percent of growth medium was 
added for 10° cells every 24 h and 30 percent of the culture was harvested periodically. (Reprinted by 
permission from S. Reuveny, D. Valez, F. Riske, J. D. Macmillan, and L. Miller, “Production of 
Monoclonal Antibodies in Culture,” E.S.C.A.T. Mtg., Italy, May, 1984.) 


saturation (25 vs. 60 percent air saturation) provided a lower maximum cell 
density but a longer lived culture (Fig. 9.44) with a resultant higher final MAb 
titer. 

In both conditions, production of a cell growth inhibitor was hypothesized in 
which case a fed-batch system should improve operation by stepwise dilution of 
inhibitor. The comparison of batch vs. fed-batch behavior (Fig. 9.45) is consistent 
with this notion; both cell viability and (consequent) antibody titer reached max- 
imum values in the fed-batch operating mode. While MAb production for small 
quantities may be done most efficiently in the mouse peritoneal cavity, large-scale 
production points to bioreactor cultivation of hybridoma cells with emphasis on 
inexpensive nutrient medium, long cell viability, and optimization based on maxi- 
mal antibody production. Hollow fiber propagation and perfusion culture are 
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among the promising modes of larger-scale operation for hybridoma growth and 
product (MAb) formation. 


9.8.3 Plant Cell Cultivation 


Plant tissue dissected from the interior of plant organs after washing and disin- 
fection can be cultured on agar containing a suitable growth medium. Nutrient 
media for plant cells are usually comprised of a mixture of inorganic salts with 
sucrose or glucose as carbon and energy source. (Plant cells are usually prop- 
agated chemoheterotrophically rather than photoautotrophically.) This basic 
medium is typically augmented with particular plant growth regulators, phyto- 
hormones, vitamins. amino acids. and the sugar alcohol inositol. Plant cells so 
propagated require oxygen for division so that aeration is necessary either by 
diffusion from the top surface of the culture or by sparged gas. The increase of 
cell number during batch cultivation follows the traditional pattern discussed in 
Chap. 7, except it is possible to obtain only three to four doublings of the popu- 
lation, corresponding to an increase in mass by a factor of 10 to 15 times the 
initial inoculum mass. 

Plant tissue culture can achieve several potentially useful functions. Proceed- 
ing from the chemically most simple to the most complicated, enzymes and meta- 
bolic pathways in plants can be used to achieve biotransformation. One example 
of this class is 12-8 hydroxylation of digitoxin to digoxin, an important heart 
stimulant drug, using cells of foxglove (Digitalis). Next, plant cells can be used for 
biosynthesis of complex compounds from simpler precursors. Plant tissue cul- 
tures can accomplish de novo synthesis of complex molecules, typically second- 
ary metabolites, from simple media. Plant secondary metabolites of potential 
commercial interest include pharmaceuticals (currently plant-derived compounds 
account for about one-fourth of all U.S. prescriptions), dyes such as shikonin, 
gums, a group of natural insecticides called pyrethrins, and flavors and fragrances 
like vanilla and jasmine. Also, plant tissue culture provides a technology. for 
rapid genetic engineering of plants for crop improvement and potentially for 
regeneration of crop plants. Compared with alternative technologies of growing 
plants in soil and harvesting their products, plant tissue culture may offer the 
advantage of more intensive production and more reliable and predictable 
supply. 

When plant cells are grown in suspension culture, many different cell forms 
are present, including isolated cells and large aggregates. It has been noted that 
cells in plant cell aggregates are differentiated to some degree, with some cells in 
the interior of a clump being morphologically distinct from those on the outside. 
In some cases product formation does not occur from isolated single cells but 
results entirely from cells associated with the aggregates. This suggests that some 
degree of differentiation is necessary in certain circumstances to achieve the meta- 
bolic conditions necessary for product synthesis. In other situations, preservation 
of an undifferentiated state of the plant cells is the desired objective. Better un- 
derstanding of the controls of differentiation, of the effects of differentiation, and 
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Table 9.15 Doubling times and yield coefficients for cultured 


plant cells 
(Reprinted by permission from G. Wilson, “Continuous Culture of Plant Cells 
Using the Chemostat Principle,” Adv. in Biochem. Eng. (A. Fiechter, ed.) vol. 16, 
p. 1, 1980.} 


Yield coefficient Doubling time 


Cell culture Limiting nutrient (10° cells/umole) (h) 
Galium Phosphate (PO; ) 3.95 40 
Galium Phosphate (PO; ) 2.47 25 
Acer Phosphate (PO; ) 3.47 182 
Acer Phosphate (PO; ) 1.28 36 
Acer Nitrate (NO; ) 0.263 109 
Acer Glucose 0.039 109 


of ways to regulate differentiation in culture by adjustment of growth conditions 
are the primary technical unknowns in the field at present. 

Relatively little information is available concerning kinetic parameters of 
plant cell growth in culture. An exception is the body of results developed by 
Wilson and coworkers based upon chemostat plant cell cultivation. Table 9.15 
lists the yield coefficients and doubling times for two different plant cell types 
grown in media with different limiting components. Notice the extremely long 
doubling times, again a problem in experimental studies of plant cell culture and 
in economical exploitation of plant cells as biocatalysts. Estimates of the sub- 
strate saturation or Monod constant K, for acer (sycamore) plant cells in culture 
on the limiting substrates NO3, glucose, and PO, are 0.13, 0.5, and 0.032 mM, 
respectively [66]. 

Suspended plant cell culture beyond the shake flask scale has been conducted 
in mechanically agitated tanks and also in bubble column reactors. In order to 
obtain greater volumetric density of cells, to allow reuse of cells, to permit con- 
tainment and retention of cells in desired morphological and differentiation 
states, and to allow better control of contacting betweeen medium and cells, 
several research groups have investigated immobilized plant cell reactors. Plant 
cells entrapped in hollow fiber membranes and in alginate and other types of 
matrices in beads have been investigated [67, 68]. Many products of plant me- 
tabolism accumulate intracellularly. This potential handicap for immobilized 
cell processes may be resolved by alternating permeabilization of cells and 
product recovery with exposure to growth and production medium [68]. 

As was noted in batch cultivation for secondary metabolite production using 
microorganisms, it is necessary for these products to separate in time or in space 
a growth phase from a phase of secondary metabolite production. This strategy 
is evident in the first large-scale, commercial plant cell culture process. In this 
process, developed by Mitsui Petrochemical Industries, the dye and pharmaceuti- 
cal shikonin is obtained by culturing Lithospermum erythrorhizon over a period of 
longer than three weeks in three successive operations (Fig. 9.46). After growing 
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Figure 9.46 Processing steps in manufacture of the secondary metabolite shikonin using plant tissue 
(Lithospermum erthrorhizon) culture. ( Reprinted by permission from Mary Ellen Curtin, “ Harvesting 
Profitable Products from Plant Tissue Culture,” Bio/Technology, October, 1983, p. 649.) 


cells in an initial aerated tank, they are transferred to a smaller tank and a 
medium denoted M-9 is added which stimulates production of shikonin. Subse- 
quent transfer to a third tank followed by reaction for 14 days results in accu- 
mulation of the desired product in the cells. Process yields have not been 
reported by the manufacturer, but independent estimates place the productivity 
of a single batch at Skg product. Obviously, the use of labor, capital, and expen- 
sive medium in the quantities involved in this process necessitate a high-priced 
product to justify commercialization. The selling price of shikonin as of October, 
1983 was $4000/kg! 


9.9 CONCLUDING REMARKS 


In this chapter we have examined the reactor design principles and reactor tech- 
nologies which enjoy current application and which will likely be used in the 
future for product manufacture using microorganisms and higher cells. We have 
tried to indicate how knowledge of the kinetics of the biological reactions and 
flow and mixing processes in the reactor can be synthesized to achieve an overall 
mathematical description of the process useful for design and optimization. This 
is the traditional and very successful strategy for chemical reaction engineering 
that has emerged from the chemical and petroleum processing industries. Unfor- 
tunately, due to our inadequate knowledge of biological kinetics, use of complex 
growth media with undefined composition and effects, use of reactors with poorly 
defined flow and mixing characteristics, and the lack of concerted effort toward 
more systematic and predictive reactor design, one often does not find reactor 
operation or design specification accomplished using the systematic methodology 
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outlined in this chapter. Instead, process scale up proceeds through a succession 
of experimental investigations at increasing scales and costs, but with much 
smaller jumps in scale from one test to the next than can now be predictably 
accomplished in other types of chemical reactors. In designing a batch reactor for 
a biological application, for example, one is presently more likely to worry about 
providing a certain mass transfer capability than with calculating optimal operat- 
ing strategies based upon knowledge of the kinetics. 

Experience in those industries where chemical reaction engineering has been 
systematically applied shows that reductions in capital costs, lower operating 
expenses, fewer byproducts, and greater yields can be obtained. Also, it is not 
uncommon in the petroleum industry now to translate from bench to full scale, 
jumping in scale by factors of 10,000 based upon solid foundations in chemical 
reaction engineering. As opportunities for manufacture of many new products 
using new organisms and new processes increase in the future, we can expect a 
more central role for bioreactor engineering to increase the efficiency of scale-up, 
design, and operation of these reactors, to improve their reliability, and to accel- 
erate commercialization. 

Our theme in the next chapter is instrumentation and control, focusing most- 
ly on bioreactors. Here too, our lack of knowledge about the fundamental trans- 
port and reaction processes in the reactor limit the types of control methods we 
bring to bear to obtain the best process performance. While the topics of the next 
chapter are considered primarily in the context of bioreactors, most apply equal- 
ly well to upstream and downstream processing units. Following our consider- 
ation of instrumentation and control, we shall examine the essential separation 
processes which are used to convert the mixture emerging from the bioreactor to 
a stream of sufficiently pure useful product. 


PROBLEMS 


9.1 CSTR analysis (a) Verify each CSTR design equation of Table 9.1. 
(b) For each CSTR case, indicate graphically how you would evaluate all terms in the reaction 
rate expression from an appropriate plot of CSTR performance. 


9.2 PFTR design (a) Validate the results of Table 9.2 by direct integration. 

(b) What variables are most convenient to use for each PFTR design equation? Show by 
sketches how each kinetic parameter in the reaction-rate expression can be evaluated. 

(c) In general, do CSTRs lend themselves more easily to parameter evaluation than PFTRs? 
Why (not)? 
9.3 Single-cell protein production Methylomonos methanolica grown on methanol at 30°C, pH 6.0 was 
observed to obey the following kinetic parameter values; mas = 0.53h7}, Y, (methanol yield coeffi- 
cient) = 0.48 g/g, Yo, = 0.53 g/g, carbon-conversion (Cyiomass/Cmethanoi) efficiency = 0.57 g/g, oxygen 
quotient = 0.90 mol O, per mole CH,OH, respiratory quotient (RQ) = 0.52 mol CO, per mole O3. 
k, = maintenance coefficient = 0.35 g CH,OH/g, K, = 2.0 mg/L [M. Dostolek and N. Molin, “Studies 
of Biomass Production of Methanol Oxidizing Bacteria” p.385 in Single Cell Protein II, S. R. 
Tannenbaum and D. I. C. Wang (eds.), MIT Press, Cambridge, Mass., 1975). The specified yield 
factors correspond to a dilution rate of 0.52 h7?. snes f 

(a) Write down the equations for CSTR growth which describe the rates of cell-mass produc- 
tion, oxygen consumption, and CO, production vs. dilution rate. 


on 
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(b) Plot x; xD; and s vs. D (h™ ')-and:locate the nee maximum values of x and xD when 
= 7.96 g/L. — 

(c) Display the variation in the oxygen éouininption rate vs. D on the same graph. What stirrer 
power input per unit volume would be needed to operate the reactor at the maximum productivity 
(xD)max? State your assumptions. ; 

(d) On the same graph, plot.the speak hearen rate eee volume vs. D. - 

(e) The specific growth rate u is observed to ‘be diminished by substrate in an approximately 
linear fashion from its maximum value of 0.53 h~! at s = 3 g/L to 0 at 13 g/L (extrapolated estimate). 
Repeat part (b) taking this design information into account. , 

(f) Under what exit conditions would several equal tanks be better than a single tank of the 
same total volume? 


Sintet 


9.4 Liquid sterilization Set up the equation to determine the probability of complete sterility (n < oe 
in a continuous sterilizer if plug flow is maintained and: 


‘Specific death rate = 10min™' sterilizer volume = 10 L 
Medium flow rate = 10 L/min temperature of medium ='131°C 
Collection time = 5 min original cell concentration ng = 10° L7 


What would you expect to happen to this probability if all the variables given above were held 
constant but the sterilizer were shortened and widened? Explain your reasoning and show rie 
equations. 

9.5 Growth with variable yield coefficient Derive equations for x(D) and s(D) analogous to Eqs. (7.14) 
and (7.15) for the case where Y is given by Eq. (7.26). 


9.6 Homogeneous and film reactor A feed contains a suspension of inert particles as well as substrate 
for an anaerobic fermentation. The vessel agitation is sufficient to keep the particles suspended and 
well dispersed. The microbial (single) population partitions itself between the particles and the bulk 
solution by a linear isotherm: 


x,(cells/em?) = KXpux (cells/mL) 


where K has units of mL/cm?. The adsorption process does alter the maximum specific growth rate 
Umax but not K, (assuming the Monod form is valid). . 
(a) Evaluate over all feasible dilution rates when d(inert) = 0.1 mm and volume fraction = 1 
percent (1) the ratio of substrate utilization in the presence of inert particles to that occurring in their 
absence and (2) the influence of the suspended particles on reactor washout. i. 
(b) How would you design a cell-recovery scheme at the reactor exit to maximize biomass 
recovery? 


9.7 Rapid K, measurement Williamson and McCarty (“A Rapid Measurement of Monod Half 


Velocity Coefficients for Bacterial Kinetics”, Biotech. Bioeng., 17, 915, 1975) developed a relatively 


rapid means of determining K, in microbial kinetics. A small, concentrated feed stream enters the 
microbial reactor, giving rise to a negligible volume increase over several hours. For values of s 
allowing less than the maximum possible substrate-utilization rate by the population, Mmax V/Y, steady 
state was achieved in less than 1 h. 

(a) Show that a Lineweaver-Burk type of plot (rate™! vs. 1/s at “steady s state”) allows evalua- 
tion of K, i 

(b) Over what range of sampling times is the above analysis valid? 


98 Fed batch reactor (a) Assuming exponential growth for cells at 4 = Umax develop a general form 


for x(t) starting with Eq. (9.4). 

(b) Under what conditions will x increase, decrease, or remain constant? 

(c) If the feed function F(t) is alternated to be F = Fo (to < t < t1), = 0 (t, < t < t2), Fo (ty < 
t < t3), etc., derive expressions for x for t < t4, for t, <t < tz, and for any large t. À 
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(d) Suppose a methanol utilizing strain has a specific growth rate given by Eq. (7.32) (Monod 
form plus substrate inhibition). Why could operation in fed batch mode be superior: to operation as a 
simple batch reactor with full charge of methanol present at t = 0? 
` 9.9 Serial substrate utilization With multiple substrates, substrate consumption patterns in staged 
tanks or in towers may be complex as mentioned in the text. Consider a very simple model for 
diauxic growth on two substrates, glucose (G) and a second carbohydrate (S), such that 


ry = HG, s)x 
Ae Ug 9 Us: 5 Ky | 
+ x 
Ko +g ` Ks +s Kr +g 

(a) For typical conditions involving glucose repression, we expect that us = u and Ks ~ Kg > 
Kx. Sketch the expected variation of g, s, and In x vs. time in a batch fermentation, showing clearly 
the relation between changes in the concentrations of biomass and the two substrates G and S. [Take 
(Jo, S0) > (Ks, Kg)]. 

(b) For diauxic fermentations aimed at complete utilization of cell substrates, could you usefully 
use a plug flow reactor?, Tanks (chemostats)-in-series? A single chemostat? Why (not)? 

(c) Since Kg < Kg, Ks, the growth equation can be conveniently simplified depending on 
whether g > Kp or Kp > g x 0. Develop a simplified plug flow description and integrate it analyti- 
cally to give x(z), g(z) and s(z). 

(d) For yg =1h7} =1.1 ys, Kg=K,;=10mM, Kg=0.1 mM, x,=O1 g/L, Y% =» = 
0.5 g/g, Jo = So = 0.1 mM, plot the results of part (c) for up (flow velocity)/L (reactor length) = 1 h7}, 
3 ht, and Shot. 


(e) Vertical tower fermentors may have aiitrobial populations which agglomerate and slowly `$ 
settle. How would you modify the simple equation of part (b) to account for cells which settle at an = 


average velocity u,( > ug) (Net settling velocity = u. — ug). 
9.10 Chemostat design from batch data The mass balances for component C in batch (or plug flow 
reactor) and chemostat (CSTR) are: 


d 
Batch (or plug) 5; = f(c) (i) 


steady-state chemostat D(co — c) = —f(c) (il) 


Since f(c) is available from (i) by differentiation, a plot of f(c) vs. c can be constructed from batch 


data. Similarly, equation (ii) indicates that a plot of D(c — cg) vs. c will intersect f(c) vs. c at c* : 


corresponding to the solution of equation (ii). (This technique, which provides the solution c* for any 
given D, is applicable only if the fermentation can be described by a single variable; e.g., c.) (This 
solution technique was used by R. Luedeking and E. L Piret “Transient and Steady States in Contin- 


uous Fermentation; Theory and Experiment,” J. Biochem. Microbiol. Technol. Eng., 1, 431, 1959). Its . 


usefulness is seen in the following comparison of bacterial concentration (UOD/mL) from their paper 


Graphical solution 
Measurement from batch data 


5.37 5.35 
2.4 2.3 


8.0 7.15 


= (a) Consider the logistic equation, dx/dt = ux(1 — x/Xmax)- With p= 1h7*, Xmas = 10 g/L and 
Xo (in feed) = 0. Solve for x* graphically for the cases D = 1.5h7~', 0.75 h71, and 0.25 h`? using the 
method discussed above. Verify your results by direct solution analytically. 


if 


Fraction of substrate converted, ô 


ind 
the 


Fraction of substrate converted, ô 
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(b) For fermentors in series, the. outlet from one chemostat is the inlet condition to the next. 
Show graphically how you would evaluate x$, the biomass concentration in the third CSTR in a 
three-reactor cascade with an overall dilution rate of D=0.75h7'. 

(c) Inspect the data for diauxic growth (Fig. 7.14) carefully. Differentiate it graphically and plot 
dx/dt vs. x. How. does this plot differ from the shape for the simple logistic form? Sketch, using the 
graphical design procedure above, a solution for 5 tanks in series which will consume all of the 
glucose and most of ihe seond carbohydrate as well. 


9.11 Fluidized beds of immobilized enzymes (a) Chinloy (PhD thesis, Princeton University, 1976) 
examined the conversion vs. reciprocal space velocity 0~' (milliliter per gram of catalyst particles per 
second) obtained in packed and fluidized beds of protease immobilized on nonporous stainless-steel 
particles. In both cases, the data fell on the same straight line passing through the origin. Assuming 
So > Km, Show that the data are not mass-transfer-influenced and that the specific rate constant can 
be evaluated directly from the data if the erzyme loading per catalyst particle (milligrams E per gram 
of catalyst) is known. 

(b) Gelf and Boudrant (“Preliminary Study of a Fluidized Bed Enzyme Reactor” Biochim. 
Biophys. Acta, 334, 467, 1974), studied hydrolysis of benzoylarginine ethyl ester (BAEE) by papain 
immobilized in porous 170.to 250 um particles. The following parameter values were reported: 


Soluble papain: K, = 5 x 10735 


Umax = 19 IU [umol\BAEE/(min - mg) at pH 6.0 and 20°C] 
Immobilized papain: K,, (apparent) = 1.2 x 107? M 


Umax = 0.05 IU [umol/(min- mg of support)] 


The porous support was largely iron oxide particles. From the data in Fig. 9.P11.1 determine whether 


. these studies were influenced by external or internal mass transfer. State your assumptions. The 


catalyst charge in the fluidized bed was 10 g of particles; it was fabricated from a mixture including 
100 mg crystalline papain per 30 g oxide. 

(c) Discuss how you would design a fluidized-bed reactor of immobilized proteases for hydroly- 
sis of (1) BAEE, (2) casein, (3) 1-um-diameter gelatin particles. 


Figure 9P11.1 Fraction of substrate converted. 

(O—O) and height of fluidized bed (+ — +.) 

vs. volumetric flow rate. Molarities of inlet sub- 

strate concentrations are indicated on the curves. 

[From G. Gelf and J. Boudrant, Enzymes Immobi- 

0 500... 1000 . 1500 - -: lized on a Magnetic Support, Biochim. ‘Biophys. 
Volumetric flow rate, mL/h _ Acta, vol. 334, -P- 468, 1974] 


Height of the fluidized bed, h in mm X 10-2. 


~ 
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Figure 9P12.1 Catalyzed resolution of amino acids. {From T. Tosa, T. Mori, N. Fuse, and I. Shibata, 
Enzymologia, vol. 31, p. 225, 1966.] 


9.12 Optically pure amino acids The process developed by Tosa et al. udies on Continuous 
Enzyme Reactors II. Preparation of DEAE-Cellulose Aminoacylase Columns and Continuous Opti- 
cal Resolution of Acetyl-d,l,-methionine,” Enzymologia, 31, 225, 1966)/can be represented schemati- 
cally by Fig. 9P12.1. Assume for the moment that vma, is independent of pH. The initial racemic 
amino acid solution is acetylated by reaction with acetic anhydride} the L-aminoacylase column 
reverses the acetylation reaction for the L-amino acid, which is then crystallized in alcohol solutions. 

(a) Assume that the initial amino acid concentration is > K,,, develop an expression for the 
fractional L-amino acid conversion achieved by the enzyme column in plug flow. Repeat including 
axial dispersion. 

(b) The racemization reaction may be taken to be first order reversible, so that the rate is 
proportional to Cp scia"CB acias Where c$ scia is equilibrium D acid level for the solution. If 90 percent of 
the L acid and 1 percent of the D acid is removed in the wet-crystal stream, along with 10 percent of 
the entering aqueous phase, what racemization CSTR volume is needed to achieve 95 percent ap- 
proach to equilibrium? 

(c). The enzymatic deacetylation step releases acetic acid into the solution. If the pK’s leading to 
enzyme penon are pK, = 5 and pK, = 8, what entering pH would give maximum conversion 
for a 10" © M, 1074 M, or 107! M feed mixture? (Assume plug flow.) State your assumptions clearly. 


9.13 Digestion of insoluble substrates As an example of processes involved with digestion of particu- 
late substrates, the following unit-operation sequence for yeast growth on newsprint has been sug- 
gested; mechanical grinding, acid hydrolysis, medium neutralization, addition of additional minor 
nutrients for yeast growth, yeast fermentor (aerobic), vacuum filtration to separate liquid from cell 
-mass. 

(a) Sketch the flow scheme above, indicating by arrows’ points of addition and by circles each 
“unit operation. Include solids conveyers and liquid-pump locations where needed. _ 

(b) From any human physiology test, sketch the human food-digestion process in a similar 
manner. 

(c) Bionics is the study of natural systems with an eye toward development of synthetic analogs. 
Discuss similarities and differences between processes (a) and (b). How might you design a solids 
handling scheme for part (a) using the “conveyer” type in part (b)? 


9.14 Cell maintenance: washout at small S For some populations, a minimum level of substrate may 
be needed to achieve a nontrivial steady state. As an example, consider the system with kinetics of the 


form: 


Assuming that the design basis underlying Prob. 9.10 is valid: 
(a). Show that at substrate level below k eK /(Umax — ke) the only steady state in a CSTR system 
‘is x =0. 


tem 


Paes 
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(b) If pmax = 0.5h7', K, = 0.2 g/L, k, = 0.1h7', and Y, = 0.6 g cell/g substrate, plot (dx/d0)i.5-, 
vs. x and prove by direct solution of the above equations that dx/dt = 0 for low s and for D> 
D (washout). 

(c) Determine the stability of each steady state to small perturbations. l 
9.15 Whey fermentation The fermentation of whey lactose to lactic acid by Eacropaciilim bulgaricus 
at 44°C and pH 5.6 has been observed to fit the model of sa and Piret [Eq (7. 93)] provided 
the following modifications are made: 


1. The maximal growth rate is Hon — z ) 
P max 


2. Hoar = 0.48 h7}, paar = 5% at p < 3.8% 
O Was = LUT, Pan = 43% at p > 3.8% 


3. Parameters for continuous fermentation are: « = 2.2 


p=02h"! 
. 0.88 g product/g substrate 
= 50 mg/L 


(a) Write down the equations for s, x, and p in continuous fermentation. 

(b) Assuming steady-state behavior, show that at a total retention time of 15 h, two equal stages 
are better than one, but three produce essentially no further improvement in the reduction of sub- 
strate level. Is the same result true for biomass? (Consider the case s, = 5.0%, Xo = Po = 0). 

(c) Keller and Gerhardt (“Continuous Lactic Acid Fermentation of Whey to Produce a Rumi- 
nant Feed Supplement High in Crude Protein” Biotech. Bioeng., 17, 997, 1975.) note that when so 
is less than 5 percent, prodwct inhibition is not particularly strong, thus arguing. that: “from a 
practical standpoint, ..., cheddar cheese whey (4.9% lactose, 0.2% lactic acid) might be fermented 
adequately in a single stage fermentor, whereas cottage cheese whey (5.8% lactose, 0.7% lactic acid) 
benefits from an additional stage.” Illustrate the magnitude of this benefit by repeating part (b) de- 
sign using sy = 5.8%, Po = 07%. l 

(b) These authors also point out that addition of sugar would reduce the amount of water 
which it would be necessary to remove to get a fixed mass of product. How would “es addition 


` affect a reactor design strategy? 


9.16 Staged fermentations: hydrocarbons Let .us suppose that you have the batch owth curve for 
the hydrocarbon fermentation described so vividly by Mimura et al. in Sec. 8.8. In Prob. 8.11, you 
identified the probable controlling resistances of each of the fermentation phases observed. Your 
company has decided (in your absence) to scale up this fermentation by n tanks in series, where 
n = number of tanks = number of distinct cell-bubble-substrate configurational phases reported in 
Fig. 8.14. For each phase, write down the controlling resistance(s) and discuss quantitatively how you 
would scale the reactor volume, power inputs, etc., to obtain a scale factor of 5000 from laboratory" to 
process units. 


9.17 Penicillin fermentation The results shown in Fig. ‘9P17.1 were obtained from a Penicillium cg: 


on sogenum fermentation for penicillin production. The experiment was run in a well-stirred ten-liter fed- 


batch fermentor, aerated at 0.2 VVM (gas volumes per fermentor volume per ake The growth 
and production medium contained initially (in grams per liter): if 

KH, PO,: 3.0; Na,SO,: 0.9; MgCl:.0.25; MgSO,-H,O: 0.05; Glucose: 10; NH,CI:2 2 
2. In addition, glucose was fed continuously and NH4OH was used for pH control. Benzil penicillin 
has the following formula; C 6 Hig N2045. 

(a) Explain the profiles for cell mass, penicillin, glucose. and NH, in this fed-batch fermentation. 

(b) Notice that very unexpectedly, the biosynthesis of penicillin came to a rapid halt even 
though this organism has the capability for synthesizing five times the amount of penicillin accumu- 
lated at the point its synthesis ceased. As chief trouble shooter for Antibiotics Unlimited, Ltd., you are 


> requested to solve the mystery of why penicillin synthesis stopped. 
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Figure 9P17.1 Time course of a batch penicillin fermentation. 


9.18 Cyclic batch operations It is difficult to administer continuously low, controlled liquid feed rates, 
whereas the comparable periodic stepwise addition of substrate feed removal of fermentor fluid is 
easier. Suppose micrgorganism growth is limited by a single substrate in a Monod fashion, and that 
cell growth is proportional to the time rate of substrate change. At time = 0, the fermentation is 
begun (negligible lag). At time t, a volume V, is removed from the fermentor of liquid volume V, itis 
replaced by an identical volume of fresh feed at concentrations. 

(a) Show that at time t (before volume removal), the substrate concentration s is given by 


(eee ly E pm Gee (eel E t 
| Are | r] (X0/Y) + so BE 


(b) At time t, the volume V, is removed, now feed is added, and the process repeats. Evaluate 
So, Xo in terms of s, x, from this volume operation. 
(c) Then establish that the substrate utilization efficiency 
B = (s, — 5,)/sp = 1 — eyo — oy —1)7 


where ¢ = V,/V. 
(d) As ¢ - 0, show that this efficiency becomes identical with the continuous culture result 


K 


a splan (V/V t — 1) 


; where Vt/V, is the reciprocal dilution rate. 


(e) Show graphically that at s,/K, = 1.0, finite values of ge (discrete on give higher B 
values than the continuous reactor if (u,,Vt/V,) > 4. 


9.19 Fluidized bed tissue culture It is proposed to produce tissue culture biomass continuously on - 
nonporous beads in a fluidized bed (Fig. 9P19. 1). The proposed fluidizing nutrient liquid moves - 
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Figure 9P19.1 Fluidized bed microcarrier bioreactor for tissue culture. s C sd 
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pure 9P19.2 Production of cell number and viral titer vs. time. (a) c, (cells witches: at time. t)/co 
lls cares at time t = 0) vs. time ( 75% O, saturation; ------- 5% O: saturation). (b) 
B Ds. (= virus dose yielding 50 percent tissue culture infection dose per milliliter) vs.. time 
—13 x 10° cells/milliliter initial cell concentration; ------- 3.5 x 10° cells/milliliter initial cell con- 
mn Mtration). {Reprinted from A. L. van Wezel, Microcarrier Cultures of Animal Cells, in che Cul- l 


es Methods and Applications,” p. 372, Academic Press, Inc., New York, 1973.] 
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upward, passing out of the reactor through a screen to retain beads, and then through a pump. The 
choice of beads with (P4224 — Puo) small allows operation at a low fluidizing volume rate and use of a 
pump which does not damage the macromolecules in the nutrient medium. For liquid fluidized 
reactors, assume that the liquid moves in plug flow while the beads are perfectly mixed and distri- 
buted throughout the reactor. Beads passing over the exit funnel settle into it and are continuously 
removed; the exit fluid being returned by a subsequent filter. 

(a) Assuming the data of Fig. 9P 19.2 to typify cell growth kinetics on each bead with p = 0 for 
t > 160 h [due to achievement of a complete monolayer (contact inhibition)], develop a steady state 
expression for the exit biomass concentration per bead in terms of the fluid bed void volume e, the 
feed rate of inoculated beads (Z per hour), the reactor volume Vz and the appropriate growth rate 
law. The entering beads have cy cells/bead. 

(b) Repeat (a) for the situation where the cells per entering bead have a distribution given by 


Prob of (y) cells/bead = Ae~°~ 9" = Ae 


where A = normalizing factor 
(c) How would you design a “continuous,” sterile transport system for adding new beads and 
for recovering the exit liquid volume as assumed? 


9.20 Tissue culture support inhibition It has been observed that high concentrations (cm2/cm?) of 
solid supports for tissue culture may be deleterious to growth because of adsorption on these surfaces 
of growth enhancing factors and serum protein from the support medium, adsorption rendering these 
factors inaccessible (C. B. Horng and W. McLimens, Biotech. Bioeng., 17: 713, 1975). Consider a 
well-stirred microcarrier tissue culture reactor employing nearly neutrally bouyant beads as the cell 


- supports. 


(a) Assuming that the cells grow logarithmically (all nutrients present in excess) until the avail- 
able surface area is covered (see Figure 9P19.2), develop an expression for the total biomass in the 
system versus time. 

(b) Now assume that the growth rate also depends in a Monod function fashion upon the 
concentration of a growth-enhancing factor, S, which is not consumed. Derive the analogous result 
for biomass versus time when the growth enhancing factor S, reversibly adsorbs on the solid in an 
inactive form following a linear partition law: 


s) = Ks,{adsorbed) 


(c) For a batch system, assuming that growth exhaustion results from lack of further bead 
surface, show that for a finite culture time (say 6 days) there is an optimal initial loading of beads into 
the tissue culture inoculum. Develop an expression for this value. 

(d) Since the beads act in some sense as an inhibitor, it would seem logical to consider several 
stirred tanks in series rather than one tank. What problems would face the experimenter searching to 
set up such a system? , 


9.21 Penicillin-V deacylation: multiple reactions . Enzymatic deacylation of penicillin-V to produce the 


desired 6-aminopenicillanic acid (Chap. 12) for production of semisynthetic penicillins involves a 
reaction network represented below: 


A-(pen.-V) ——1-4 P- (6-APA) + QOH(phenoxyacetic ais 


A7 — he (inactive product) + H* 


poa HS- (inactive ring cleavage product) 
K 
QOH , ==> QO-+H* 
d K 4 A 
P-+H* =» HP (stable penicillin-V) 


An optimal pH exists because protonation of P- gives stable HP, but too acidic conditions inhibit 
the’ reaction rate r}. 


ato 


ral 
, to 


the 
sa 


ibit 
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(a) Assuming r, given by Michaelis-Menten kinetics with seancompedlive H+ inhibition, andr, 
and r, given by simple first-order irreversible forms, write down the equations governing these three. 
rates and two (assumed) equilibria. 

(b) Fora steady-state CSTR system with perfect enzyme recycle, derive an expression giving the 
feed level of A~ which maximizes fractional conversion to P7. A 

(c) For very high conversion of an expensive starting material, use of several CSTR’s in series 
appears appropriate. Discuss tactically the advantages and disadvantages attending such a series 
arrangement. Assume rz, r, are about 2- 5 percent of the rate r, in the first tank. _ 

(L. G. Karlsen and J. Villadsen, “Optimization | of a Reactor Assembly for the Production. of 
6-APA from Penicillin-V,” Biotech. Bioeng., 26: 1485, 1984). 7 
9.22 Hollow fiber reactor productivity Different reactor types can yield profoundly different microbial 
densities and productivities. For example, B-lactamase specific producuoi activity is less in hollow 
fiber systems than in continuous tulture by a factor of five: 

Productivity 

Reactor (units E/cell-h) 


Shaker flask 1 x 107:0 
Hollow fiber . 2x.107?! 


(a) If the biomass level in the hollow fiber reactor is (typically) 1000 times greater than in 
suspension culture, calculate the productivity of each reactor in units/(reactor volume — h), assuming 


a shake flask biomass level of x = 10° cells/mL. 


(b) Cell lysis in the hollow fiber, as well as protein export, accounted for some increases in $- 

lactamase release. Describe a program by which you would determine cell lysis kinetics, which could 
then be used to describe f-lactamase production by. excretion and lytic release. (See D. S. Inloes et al, 
“Hollow Fiber Membrane Bioreactors Using Immobilizey E. coli for Protein arate Biotech. 
Bioeng., 25: 2653, 1983). : 
9.23 Batch production of non-growth associated oduct Batch EEA AS typically involves biomass . 
production and product formation, with substrate being consumed by each process. Suppose that 
batch growth is modelled by the logistic equation, where Xmax is set by the initial value of a second 
substrate s,, (not used in product formation). Then for a nongrowth associated product (e.g. 
L-glutamate from Microccocus glutamicus), we may write; 


dx/dt = ig = X/Xmax) 
dp/dt = 
ds/dt = “plao Y, = (ax/dd/ Ye | 


(a) Integrate each equation to obtain x(t), p(t), s(t). 

(b) Discuss your strategy in setting Xmax if your objective is (i) to maximize p(@) or (ii) to 
maximize p(6)/As(6), where 0 is a fixed, end-of- fermentation time. 

(c) Under what circumstances would you choose objective (i) or (ii) in part (b)? 
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TEN O S 7 
INSTRUMENTATION AND CONTROL 


We have seen repeatedly that the activity and useful lifetime of an enzyme cata- 
lyst or cell population depends directly on the catalyst environment. Accordingly, 
in order to develop and optimize biological reactors and in order to operate 
them most efficiently, it is critical that the state of the catalyst environment be 
monitored and controlled and that the response of the catalyst to the environ- 
ment .be determined. Achieving these goals requires three different functions: 
measurement, analysis of measurement data, and control. In this chapter we will 
examine currently available reactor instrumentation and its application. After a 
brief look at the rapidly changing technologies for data acquisition and comput- 
ing, we shall summarize some of the strategies for data analysis and process 
control. Although this chapter’s presentation emphasizes bioreactor instrumenta- 


tion and control, the principles described also apply to downstream processing 
and to feedstock preparation. 


10.1 PHYSICAL AND CHEMICAL SENSORS 
FOR THE MEDIUM AND GASES 


Figure 10.1 shows a recently prepared schematic summary of biochemical reactor 


_dnstrumentation. A striking feature of this illustration is the predominance of 


shortage of measurements of cell properties. Consequently, one of the major 
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goals, if not requirements, of bioreactor data analysis is estimation of cell proper- 
ties based on the available physiochemical measurements of the gas streams and 
the medium. In this section we will concentrate on instrumentation for on-line 
physical and chemical monitoring‘of bioreactors. Eo e oT 


10.1.1 Sensors of the Physical Environment 


The major physical proçess parameters that influence cellular function and pro- 
cess economics and which can be monitored continuously are temperature, pres- 


_. sure, agitator shaft power, impeller speed, broth viscosity, gas and liquid flow 


rates, foaming, and reactór contents volume or mass. In small laboratory reac- 
tors, only temperatures and air-feed flow rates are commonly measured. Pressure 
measurement and regulation is common on larger fermentors. 

The most widely used temperature sensor is the thermistor, a semiconductor 
device which exhibits changing resistance as a function of temperature. Although 
the temperature-resistance relationship is nonlinear, this is not a serious difficulty 
over the narrow temperature range of interest for most fermentations (25-45°C). 
Other possible temperature sensors are the platinum resistance sensor, ther- 
mometer bulbs (Hg in stainless steel), and thermocouples. 

Pressure monitoring is important during sterilization, and maintaining a 
positive reactor head pressure (around 1.2 atm absolute) can aid in preserving 
asepsis. Pressure also influences gas solubility. In fermentation reactors, dia- 
phragm gauges are usually used to monitor pressure. These produce a pneumatic 
signal which may be transduced if necessary to an electrical signal. i l 

Several different types of measurements can be made to monitor power input 


_ in mechanically agitated vessels. A Hall effect wattmeter measures at the drive 
‘motor armature the total energy consumed by the agitator. A torsion dyna- 


mometer may also be used to measure shaft power input. A disadvantage of both 
of these measurement methods is inclusion of frictional losses in shaft bearings 
and seals. For example, in a study of mixing in a 270-liter fermentor with 200 
liters working volume, it was found that 30% of the energy used by the motor 


_ was lost between the. motor and. the internal impeller shaft. This loss factor was 


also observed to be an increasing function of agitator speed. Direct measurement 


. Of impeller power input to the: reactor fluid may be achieved using balanced 
Strain gauges mounted on the impeller shaft inside the reactot. o 


On-line devices for measuring broth viscosity and other rheological proper- 
ties are not well developed. One possible strategy is measurement of power con-. 


: sumption at several different impeller speeds. Also, a dynamic method has been : 


Proposed in which shaft power input is monitored during and after a brief (less ` 
than 30s) shutoff in agitator drive power. As sketched in Fig. 10.1, Newtonian . 
and non-Newtonian broths have been observed. to respond differently during ` 
such a brief agitation transient. > % a 3. as 
„Several different instruments are available for measuring flow rates of gases 


: (air feed; exhaust gas). The- simplest, a variable area flowmeter such as a rota- 
| = Meter, provides visual readout or may be fitted-with a transducer to give an 
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Figure 10.1 Schematic summary of biochemical reactor instrumentation. [Reprinted by permission 
from L. E. Erickson and G. Stephanopoulos, “Biological Reactors,” Chap. 13 in “Chemical Reaction and 
Reactor Engineering,” J. J. Carberry and A. Varma (eds.), Marcel Dekker, Inc., New York, 1985.] 


electrical output. Thermal mass flowmeters are increasingly popular, especially 
for lab and pilot-scale reactors. In these devices, gas flows through a heated 
section of tubing, and the temperature difference across this heated section is 
directly ‘related to mass flow rate. These instruments have accuracies on the order 
of 1% of full-scale and are most useful for flow rates less than 500 L/min. Also 
available are laminar flow measurement devices which determine flow based on 
differential pressure drop across a matrix device which divides the total flow into - 


rode 


trol, 
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multiple parallel capillary flows. Gas flow rate measurements are important since 
these quantities are used frequently in material balancing calculations (Sec. 10.5). 

Liquid flow rates.can be monitored with electromagnetic flowmeters, but 
these are not used widely due to their cost. Occasionally, espėcially in laboratory 
scale studies, one relies on a metering or other well-calibrated pump to provide 
the desired liquid flow rate. Alternatively, liquid can be added to the reactor in 
discrete doses of well-defined volume or mass. Long-term monitoring of net flow 
into the vessel may be achieved’ by continuous weighing of the reactor and its 
liquid contents using a strain gauge (vessels >250 L) or scale (smaller vessels). 
Alternatively, a liquid level sensor based on a capacitance probe may be used to 
monitor reactor liquid content. Such capacitance probes or a conductance probe 
may also be used to detect buildup of foam on the top surface of the reactor 
contents. In some situations an external loop of circulating broth is used for 
measurements (see below), to effect product removal and cell recycle, or for heat 
and/or gas exchange as discussed in Chaps. 9 and 14. Here the presence of 
suspended particulates and changing broth rheology severely complicate liquid 
flow rate measurement. 


10.1.2 Medium Chemical Sensors 


Electrodes which can be repeatedly steam-sterilized in place are now available for 
pH, redox potential (E,) and dissolved oxygen and CO, partial pressures. The 
most widely used and reliable probe among these is the pH electrode, which is 
generally a single unit glass-reference electrode design. A schematic diagram of a 
pH electrode designed for autoclave sterilization is shown in Fig. 10.2. Electrodes 
for in situ sterilization must include a housing to provide pressure balance during 
sterilization or pressurized bioreactor operation. Measurement of medium redox 
potential is possible using a combined platinum and reference electrode. Com- 
bined pH-redox probes are available. While the influence of pH on biochemical 
kinetics is clearly established and the physical significance of a pH measurement 
is straightforward, interpretation of redox potential measurements and under- 
standing the relationship between redox potential and cell activity can be diffi- 
cult. One promising application of redox measurements is in monitoring low 


contents of dissolved oxygen (<1 ppm) in anaerobic processes (—450 mV < 
E, < —150 mV) where product formation may be quite sensitive to Ey. 


The various types of dissolved oxygen probes now available are of galvanic 
(potentiometric) or polarographic (amperometric or Clark) types. These elec- 
trodes measure the partial pressure (or activity) of the dissolved oxygen and not 
the dissolved oxygen concentration. In both designs, an oxygen-permeable mem- 
brane usually separates the electrode internals from the medium fluid (Fig. 10.3). 
Also, both designs share the common feature of yfeduchon of OXY at the 
cathode surface. l 


10,+H,O+2e => 20H- © (0) 


. Cathode 
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The reaction at the anode in a galvanic electrode 


Anode (galvanic) E g 
Pb ——— Pb?* +2e (10.2) 


completes the cell from which a small amount of current is drawn to provide a 


voltage measurement which in turn is correlated to the oxygen flux reaching the 
cathode surface. In a polarographic type of oxygen electrode, a constant voltage 
is applied across the cathode [Eq. (10.1)] and anode 


Anode (polarographic) 
Ag +C —— AgCl+e (10.3) 


and the resulting current, which depends on the oxygen flux to the cathode, is 
measured. Drift caused by accumulation of hydroxyl or metal ions or chloride 
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depletion is a common drawback of both electrode types. External fouling of the 
membrane surface may also contribute to drift. 

In steady state, the oxygen flux at the cathode depends upon a series of 
transport steps in which oxygen moves from the bulk liquid to the outer mem- 
brane surface, diffuses through the membrane, and finally diffuses through the 
electrolyte solution to the cathode surface' where reaction occurs effectively in- 
stantaneously. To the extent that the first step limits the overall transport rate, 
and thus the oxygen flux to the cathode, the electrode output will depend on 
fluid properties (e.g., viscosity) and local hydrodynamic conditions near the elec- 
trode. For this reason it has been recommended, for example, that the fluid 
velocity at the tip of a polarographic electrode should be at least 0.55 m/s. Sensi- 
tivity of the electrode output to external boundary layer transport can also be 
reduced by using a less permeable membrane. (Why?) This approach has the 
disadvantage of introducing additional time delay in the instantaneous electrode 
response to transients in dissolved oxygen partial pressures. The characteristic 
response time of membrane-covered dissolved oxygen sensors is quite long 
(10-100 s). However, as shown in the following example, transient probe mea- 
surements may still be applied to characterize mass-transfer properties of bio- 
reactors provided the influence of diffusion through the probe membrane is 
included in the analysis. 


Example 10.1: Electrochemical determination of k,a An oxygen electrode is inserted into a steadily 
aerated batch or continuous-flow reactor. After a steady electrode response has been achieved, the 
oxygen-carrying flow is suddenly replaced by an equivalent nitrogen flow, which then strips the 
oxygen from solution in a transient manner. Under these circumstances, the voltage response of 
the probe is given by [11] 


= t"? exp (— Bt) 2 (—1)" exp (—n?2?Qo, t/L?) 
po = A aa? Py gig | (10E1.1) 
where t = BL?/Do, 
E(t) = probe voltage at time t 
Eo = probe voltage at time 0 
F, = gas flow rate 
V = liquid volume in tank 
M = Henry’s law constant 
L = thickness of probe membrane 
2o, = oxygen diffusivity in probe membrane = P,,/L 
= permeability/membrane thickness, and 
a fant ol eyes escin ee 10E1.2 
—= reactor) = — + —_— . 
2 time constant of system (re: kia F, M. ( ) 


If the system has a large time constant (small k,a), the value of $ is determined from electrode-voltage 
values for times much greater than the electrode response itself, in which case the series contribution 
above is negligible. For larger values of k,a (50-500 h~'), Wernan and Wilke [11] suggest using the 
slope of the electrode response at the inflection point (where the second derivative of E with respect 
to t vanishes). This method was found to give results as accurate as computer-aided curve fitting 
using the entire voltage-time response. For various electrode relaxation times, the value of the inverse 
relaxation dime is read from a graph of this parameter vs. the slope of E vs. t at the inflection point. 
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Figure 10E1.1 The inflection-point slope is de- 
termined graphically from the electrode response 


` following a switch from Sparging of an oxygen- 


carrying gas to nitrogen. sparging. ‘(Reprinted 
from W. C. Wernan and C..R. Wilke,: “New 
Method for Evaluation of Dissolved Oxygen ‘Re- 
sponse for k,a Determination,” Biotech. Bioeng., 
vol. 15, p. 571, 1973.) a 


Figure 10E1. 2 From this graph, the value pi may be determined from. the iitiection’ point slope and g 
membrane-transport parameters. k,a then follows from Eq. (10E1.2). ( Reprinted from W. Č. Wernan 
and C. R. Wilke, “New Method for Evaluation f1 Dissolved eni Response Jor kya Determination,” 


Biotech. Bioeng., vol. 15, p. 571, 1973.) 
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Evaluation of the desired value, k,a, then proceeds in three. steps: 


L From the E-vs.-t electrode-response curve (Fig. 10E1.1) evaluate the slope at the inflection point 


(steepest point). 
2. From the generalized display of Eq. (10E1.2) in Fig. 10E1.2, obtain £, given the slope and the 
_ electrode time constant. : 
3. Evaluate k,a from the definition of the system time constant (1/f) above. 


It is evident that the usefulness of this technique depends on the accuracy with which the electrode = 
response is known, particularly for large k,a values. 

The presence of high solute concentrations may alter oxygen solubility (Table 8.1), the oxygen 
diffusion coefficient and the electrode itself (thus the electrode response). A complete dissection of 
these influences clearly requires calibration by independent means. 


Steam-sterilizable electrochemical probes for dissolved CO, partial pressure 


have been introduced relatively recently. The CO, probe produced by Ingold, for 


example, determines pco, by measuring the pH of a standard bicarbonate so- 
lution which is separated from the process fluid by a gas-permeable membrane. 
Calibration is accomplished by measuring pH after substitution of a reference 
buffer solution for the bicarbonate solution. . . 

Another class of methods for on-line assay of volatile medium components 
and dissolved gases is based upon immersion of a length of tubing, permeable to 
the component(s) of interest, in the fluid to be analyzed. Continuous flow of a 
carrier gas through the tubing sweeps the compounds which penetrate the tubing 
to a gas analysis device (see next section), where the measurement is conducted. 
This approach suffers from substantial measurement delays (2-10 min) and, 
therefore, is not optimal for monitoring rapid transients in concentrations. 

Several biosensors have been developed for assay of specific components in 
the liquid phase. These are based on coupling the action of immobilized enzymes 
or cells with an analytical device which detects a particular product of the bio- 
catalyzed reaction. Examples of combining enzyme-catalyzed reactions with elec- 
trochemical detectors were discussed earlier in Sec. 4.3.3. Also studied extensively 
are enzyme thermisters, in which the heat released by the enzyme-catalyzed reac- 
tion is detected by a nearby calorimeter. Table 10.1 summarizes some of the 
compounds which have been assayed by this method and the corresponding 
enzymes employed. Other possibilities for biosensor development using immobi- 
lized enzymes include enzyme transitors in which reaction products (for example, 
hydrogen) cause changes in the electronic properties of solid-state devices (for 
example, silicon chips with an SiO,-layer covered with a Pd film). 

The spectrum of biosensor designs and configurations can be enlarged by 
considering a broader class of biocatalyzed reactions, including multistep or cou- 
pled reactions, to generate the detected component. Immobilized cells provide a 
convenient means in many cases for transforming the component to be assayed 
into a suitable detectable compound. Immobilized whole-cell respiratory activity 


(assay. by oxygen electrode) and production or <censumption of electroactive 


metabolites by whole cells (assayed by fuel cell electrode or by pH or CO, 


electrodes) have. been used as the bases for design and application of biosensors 
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Table 10.1 Examples of analytical applications of enzyme thermistors 

( Adapted from B. Danielsson and K. Mosbach, “The Prospects for Enzyme-Coupled Probes in Fermen- 
tation,” p. 137, in “Computer Applications in Fermentation Technology,” Society of Chemical Industry, 
London, | 982. ) 


Concentration 
range or detection 


Substance analyzed | 


Immobilized enzyme 


limit, mmole/L 


Ascorbic acid 


0.05-0.6. 


Ascorbic acid oxidase 
Albumin (antigen) Immobilized antibodies + 107 49 
` enzyme-linked antigen... : 
ATP -Apyrase or hexokinase . ke 1-8. ou... 
_ Cellobiose B-glucosidase + glucose oxidase/catalase 0.05-5 
Cephalosporin Cephalosporinase l 0.005-10 
Cholesterol . ` _ Cholesterol oxidase <  0.03-0.15 
Cholesterol esters _. Choleserol esterase + cholesterol oxidase - - 0.03-0.15 - 
Creatinine Creatinine iminohydrolase _ 0.01-10 
Ethanol Alcohol oxidase 0.01-1 
Galactose - Galactose oxidase 0.01-1 
Gentamicin (antigen) Immobilized antibodies + 0.1 g/mL 
enzyme-linked antigen re i 
_ Glucose Glucose oxidase/catalase 0.002-0.8 ` 
Heavy metal ions (e.g., Urease . 1076 `~ 
-.Pb?*) l aa 
Insecticides (e.g., parathion) Acetylcholinesterase 5 x 1073 
Insulin (antigen) - Immobilized antigen + enzyme-linked antigen 0.1-1.0 unit/mL - 
Lactate Lactate 2-monooxygenase ` ooi- 
Lactose Lactase and glucose odaja 0.05-10 
Oxalic acid Oxalate oxidase ` 0.005-0.5 
Penicillin G Penicillinase 0.01- 500 
‘Phenol (substrate) Tyrosinase 0.01-1 
Sucrose Invertase -0.05-100 `“ 
Triglycerides Lipase, lipoprotein 0.1-5 
Urea ` Urease '0.01-500 
. Uric acid Uricase . “0.5-4 


containing immobilized whole cells. Table 10.2 summarizes the properties of a 


number of whole-cell sensors which are described in greater detail in Ref. 12. i 
An interesting and promising alternative strategy for formulating specific 
“affinity sensors” for individual metabolites has been described and developed by 


J. S. Schultz and coworkers [13]. The requirements for this method are a specific 
binding agent for the component to be assayed, availability of a suitably labeled 
component which competes for the same specific binding agent, and a means of. 


_ Separating binding agent from the solution to be assayed. For example, a fiber 


optic fluorescence probe has been constructed for glucose analysis by immobiliz- 
ing conconavalin A (Con-A), a protein from jack bean which selectively binds’ 
sugars, on the internal surfaces of a measurement chamber. The chamber, sepat- 
ated from the assayed solution ‘by a dialysis mefiibrane permeable to glucose, 
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Table 10.2 Summary of microbial sensors for process fluid analysis 


Component Organism Immobilization Measurement Detection 
assayed © employed method Principle . device 
Acetic acid, l Trichosporon Attachment to Simultaneous O, O, electrode 
ethanol brassicae. porous consumption 
acetylcellulose 
Ammonia Nitrosomonas Rentention by Simultaneous O, O, electrode 
and gas-permeable consumption 
_ Nitrobacter membrane 
Species 
Cephalosporin Citrobacter Collagen Liberation of H* PH electrode 
Sreundii membrane l 
entrapment 
Formic acid Clostridium Agar entrapment Production of Fuel cell 
butyricum - on H, electrode 
l acetylcellulose ; 
filter 
Glucose Pseudomonas . Collagen ` Simultaneous O 2 O, electrode 
fluorescens membrane consumption 
entrapment 
Glutamic acid Escherichia coli Rentention by CO, production CO, electrode 


cellophane 


l - Membrane 


also coñtains dextran labeled with the fluorochrome fluoroscein isothiocyanate 
(FITC): The membrane used is impermeable to the FITC-dextran which com- 
petes with glucose for binding to Con-A: 


Glucose + Con-A = _ Con-A-glucose 


FITC-Dextran + Con-A == Con-A-FITC-dextran 


Thus, the amount of unbound F ITC-dextran, and hence the measured fluores- 
cence emission intensity, is a function of the solution glucose concentration. In- 
terference by other solutes which also bind to the specific binding agent (maltose, 
Sucrose, and fructose to Con-A, for example) pose potential problems for this 
approach, but the concept involved is intriguing, quite general, and should enjoy 
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10.1.3 Gas Analysis -... .- 


m The concentration of CO, in the exhaust gas from a cell reactor is indicative of 


respiratory or fermentative activity of the organisms and hence is one of the most 
fodi ; useful and widely applied measurements in monitoring and controlling a cell 


bioreactor. CO, content in bioreactor gas streams is most commonly monitored 
using an infrared spectrophotometer. The gas sample stream must be dessicated 
rode : carefully before entering the instrument to avoid damage to the sample cell win- | 
dows. Gas stream CO, concentration may also be measured using thermal con- 
ductivity, gas chromatography, or mass spectrometry. | 
: Gas stream oxygen partial pressure is usually measured using a paramag- 
rode i netic analyzer. Here too, elimination of water vapor in the sample stream is 
, essential to minimize drift, and the sample stream flow rate must be controlled 
carefully for consistent measurements. Paramagnetic analyzers are also quite sen-. 
sitive to smali changes in total atmospheric pressure, requiring simultaneous 


de 
monitoring of barometric pressure for compensation in oxygen analysis. Drift in 
readings which necessitate on-line recalibration is a frequent occurrence > with 
er paramagnetic analyzers when applied to fermentations. Í 


Gas chromatography (GC) can be applied to analyze several components of 
the exhaust gas stream including O,; CO,, CH, (e.g, in anaerobic methane 
trode $ generation), and H, (from Hydrogenomonas cultures, for example). Also, by de- 
termining the gas phase partial pressure of volatile components such as ethanol, 
acetaldehyde, and carboxylic acids, GC measurements provide useful information 
on the status of the fermentation and on the liquid phase concentrations of these 
compounds. The requirement of intermittent injection of samples (ca. 15:min 
ate Ẹ apart) limits the utility of GC measurements for monitoring process transients.: 
om- $ ~ Mass spectrometry (MS) is enjoying increasing popularity for monitoring 
gas stream composition. Lower-priced instruments are making MS more accessi- 
ble for research applications, and reliable, robust process instruments have 
made mass spectrometry more practical for industrial application. MS instru- 
ments offer rapid response times (<1 min), high sensitivity (around 10-5 M 
detection limit), capability to analyze several components essentially simulta- 
neously, linear response over a broad concentration range, and negligible calibra- 


res- 
The tion drift. Because of the expense of MS instruments, it-is often desirable to 
see interface the analyzer to. several bioreactors: and use a computer-controlled 


‘his 1 switching manifold to cycle sample streams from different reactors into the MS 
(Fig. 10. 4). As indicated in this schematic diagram (only three fermentors are 


ae shown, but a single mass spec can Support up to 30), the same scopes may 
her also be used for process control. . 

cal Often, standard values (20.91% O,, 0.03% co;) are assumed for the feed air 
ior composition, but it is sometimes more reliable to.measure feed gas “composition 
Mi < directly by including a feed: gas sample stream in the manifolding aitangement as 
ma l indicated i in Fig. 10.4. Of course, the merits of sharing analyzer instrumentation 
nee by use of such multiplexing and manifold arrangements are not ues to ‘cases 


in which mass spectTOmeny analyzers are applied. - 
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Figure 10.4 Schematic illustration of a computer-controlled sample selection system for time-shared 

use of a mass spectrometer. ( Reprinted by permission from R. C. Buckland and H. Fastert, “ Analysis of 

Fermentation Exhaust Gas Using a Mass Spectrometer,” P. 119, in “Computer Applications in Fermen- 
_tation T echnology,” Society of Chemical Industry, London, 1982.) 
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display. 


10.2 ‘ON-LINE SENSORS FOR CELL PROPERTIES 


Unfortunately, there are few instruments for continuous monitoring of cell prop- 
erties in a bioreactor. The most basic measurement needed is total biomass con- 
tent or. concentration or, better still, active biomass concentration, Although a 
number of possible methods exist, no approach has yet been invented which 
provides such data reliably, consistently, and for a broad class of organisms and 
media. l 

Optical methods based upon light absorbance (spectrophotometry) or scat- 
tering (nephelometry, reflectance measurement) have been investigated widely. A 
sample stream from the reactor may be circulated through a spectrophotometer. 
A potential difficulty here is the nonlinearity between. optical density and bio- 
mass concentration above O.D. = 0.5 or 0.5 g biomass/L. Consequently, sample 
stream dilution or a shorter light path may be used for measurement of dense 
cultures. Figure 10.5 shows a flow-through cuvette design developed by Lim and 
colleagues which has proved very convenient in a number of laboratories. Alter- 


natively, probes ‘which can be inserted. into the process fluid for optical cell . 


density measurements have been developed. 
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Figure 10.5 Schematic diagram of a flow-through cuvette with internal effective dilution by means of 
an inserted tube containing distilled water. With d = 8 mm, D = 12 mm, this device provides a linear 
OD, o-cell density relationship for cell densities exceeding 1.8 g/L. ( Adapted from C. Lee and H. Lim, 
“New Device for Continuously Monitoring the Optical Density of C oncentrated Microbial. Cultures,” 
Biotech. Bioeng., vol. 22, p. 636, 1 980.) 


The only continuous monitoring strategy so far developed that provides in- 


formation on the biochemical or metabolic state of the cell population is in situ 


fluorometry. Ultraviolet light (366 nm wavelength) is directed into the culture. 
Excited by this incident UV radiation, reduced pyridine nucleotides (NADH and 
NADPH) fluoresce with a maximum intensity at approximately 460 nm. The 
fluorescence emitted from the culture is measured with a suitable detector such as 
a photodiode or photomultiplier. Originally, these measurements were made 


through quartz windows installed in the walls of laboratory: fermentors. The 


advent of fluorescence probes which can be used in standard electrode ports in 
fermentation vessels should increase investigations and application of culture 
fluorescence measurements (Fig. 10.6). 

Culture fluorescence intensity depends on cell density, average cell metabole 
state and fluorescence emissions, and light absorption by the medium. Experi- 


ments in particulate-free media have shown that culture fluorescence measure- 


ments provide useful information on biomass concentration, oxygen transfer and 
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Figure 10.6 Internal components in one den for an in situ fluorescence probe. ( Reprinted by p per- 
mission from W. Beyeler, A. Einsele and A: Fiéchter, “On-Line Measurements of Culture Fluorescence: 
‘Method and Application,” European J. Appl. Microbial: Biotechnol. vol. 13, p. 10, 1981.) 


mV 

15.0 

15.2 
S 
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2 
3 15.4 

0 10 15 Figure 10.7 Transients in fluorescence { 

l 9.8 | Time(s) —> measured (a) after pulse addition of quin- 


ine to 0.5 M H,SO, solution, which char- 
acterizes bulk liquid mixing, and (b) after 
glucose addition to a yeast culture, which 
characterizes liquid mixing plus cellular 
. : glucose uptake. (Reprinted by permission 
10.0 >| hot k— from A. Einsele, D. L. Ristroph and A. E. 
| aril Humphrey, “Mixing Times and Glucose 
Uptake Measured with a Fluorometer,” 
Biotech. Bioeng., vol. 20, P. 1487, 1978.) 


mV 


reactor mixin#*times, substrate exhaustion, and metabolic transients. For exam- 
ple, Einsele ard coworkers compared the dynamics for liquid mixing in a 40-liter 
working volume fermentor agitated mechanically at 200 rpm with the dynamics 
of mixing plus glucose uptake by yeast cells. For the first measurement, fluores- 
cence of quinine pulsed into 0.05 M H,SO, in the reactor was monitored (this 
solute has approximately the same fluorescent’ properties as NADH). The results, 
shown in part a of Fig. 10.7, exhibit oscillations representative of a periodic 
circulation pattern in the vessel and provide clear evidence of significant dynamic 
delays in achieving new steady-state conditions in the reactor. Part b of Fig. 10.7 
is the reduced pyridine nucleotide fluorescence from a yeast culture following a 
pulse of glucose added to the reactor at time zero. Here the response time is 
longer, indicating significant dynamic delay in glucose uptake by the cells. The 
implications of these features in the context of scale-up were mentioned earlier in 
Section 9.3.4. ` | : 

Another illustration of an alternative application of culture fluorescence is 
monitoring of cellular metabolic state to control the fermentation. In an experi- 
mental study of Candida utilis grown on ethanol in a fed-batch process, culture 

1Orescence was used to estimate the time of substrate ethanol exhaustion and to 
ontrol- pulse feeding of ethanol into the process. Shown in Fig. 10.8 are some 
cycles - of culture fluorescence, respiratory quotient, and ethanol concentration 
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c Figure 10.8 Relationship among culture fluorescence (O; mV), ethanol concentration (A; g/L), res- 


piratory quotient (O) and acetate concentration (©; g/L) in a culture of C. utilis fed with ethanol 
pulses. (Reprinted by permission from C. M. Watteeuw, W. B. Armiger, D. L. Ristroph, and A. E. 
Humphrey, “ Production of Single Cell Protein from Ethanol by a Fed-Batch Process,” Biotech. Bioeng., 
vol. 21, p. 1221, 1979.) ae “ee 


during this fed-batch operation. The circles are used to identify the culture fluo- 


rescence curve—the measurements are obtained continuously. In the portion of 


_ the experiment shown here, ethanol pulses of 1.85 g/L were added at 23 and 


24.5h into the batch, while the pulse at 26.15 h added 3 g ethanol per liter of 


‘culture. Reduction in culture fluorescence accompanying ethanol exhaustion is 


clear. Loe 
In all applications of direct optical measurements in cell cultures, a number 


of potential problems arise which can interfere with interpretation of the mea- 


surements. For example, the optical surfaces in contact with the process fluid 


may become fouled with cells or medium components. Gas bubbles and particu- 


lates in the multiphase reaction fluid may interrupt or interfere with the desired 


_ Measurement and, in the case of fluorescence, certain medium components or 


products may fluoresce at the same wavelengths useful for monitoring intracellu- 
lar state, complicating interpretation of the measurements. However, in view of 
the importance of determining the biomass concentration and cellular metabolic 
state for monitoring, control, and optimization of the process, these and other 
optical methods can be expected to enjoy expanding applications in the future. 

- The following section is devoted to some of the intermittent, off-line analyses 
of.cell and medium properties which are useful in bioprocess technologies. We. 
should recognize that the dividing line between “continuous, on-line” ‘monitoring. 


~ and “intermittent, off-line” measurements is somewhat diffuse. If the ‘time be- 
f . tween successive off-line analyses is less than the characteristic time scale for 
į .. changes’ in the measured quantity, then the ‘intermittent, somewhat delayed 
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measurement is practically as useful as a continuous, real-time measurement. 
Since the time scales for changes in enzyme, cell culture, and reaction fluid pro- 
perties may range from minutes to hours to days, certain off-line assays provide 
important information for process monitoring and control. . 


10.3 OFF-LINE ANALYTICAL METHODS 


In this section we consider some of the measurement principles and methods 
applied to determine the properties of process fluids, biocatalysts, and biosor- 
bants. Possible methods span the entire spectrum of analytical chemistry, spec- 
troscopy, and biochemistry, making anything approaching a complete 
presentation impossible in this context. Here, we emphasize certain new methods 
relating to cell property measurements which have potential for process monitor- 


ing and control applications and also provide an overview of other types of 
commonly applied analyses. . 


10.3.1 Measurements of Medium Properties 


After withdrawing a sample from a bioreactor or separation unit, a solid-liquid 
Separation is accomplished by centrifugation or filtration in order to remove cells 
and any other particulate matter from the fluid phase sample. The analyses con- 
ducted subsequently, of course, depend upon the particular application; analyti- 
cal methods which perform satisfactorily for defined medium may not be 
accurate or appropriate for analyses in undefined medium which may contain 
interfering components. 

: The desiregsmeasurements in a bioreactor are the concentrations of sub- 
strates and components influencing rates, and the concentrations of reaction 
products and inhibitors. For fermentation, analyses of the carbon and nitrogen 
sources are often desirable. Also, it may be necessary or useful to determine the 
levels of certain ions such as magnesium or phosphorus in the medium. Products 
of cellular processes vary over a broad range of chemical complexity and prop- 
erties, from small organic compounds such as ethanol to more complex struc- 
tures such as penicillin to biological macromolecules such as enzymes and other 
proteins. Accordingly, the spectrum of appropriate methods for product assay is 
extremely broad. | : 

Liquid-phase quantitative analysis is based usually upon light refraction 
(measured with a refractive index detector), absorption of light at a particular 
wavelength (measured with spectrophotometer) or fluorescence due to excitation 
at one wavelength and subsequent emission at a longer wavelength (measured 
with a spectrofluorometer). Sugars, for example, do not absorb light strongly and 
do not fluoresce but do alter solution refractive index. On the other hand, protein 
and nucleic acids lend themselves to spectrophotometric and spectrofluorometric 
detéction. Fluorescence measurements are usually more sensitive and allow mea- 
surement of lower concentrations. However, spectrofluorometers are more expen- 
sive than spectrophotometers, making spectrophotometric measurements very 
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ent. l. popular. In order ‘to avoid interference from other compounds in solution, separ- 
ro- | ation or concentration of the component to be analyzed from other solutes is 
vide often necessary. Sometimes this can be accomplished by ‘chemical treatment to 


decompose or to precipitate the desired interfering compounds. For example, 

RNA is extracted from cell lysates with HCIO, (perchloric acid) at 37°C and 

analyzed by the orcinol mene for ribose. patedenae sugars are e removed during 
- the extraction. l 


Finer-scale separation among related compounds by seoan oaanhik meth- 


ods | ods is also commonly applied in medium chemical analysis. The basic principle 
sor- | © of chromatography; which is discussed in greater detail in Sec. 11.4 below, is 
pec- | selective retention or retardation of certain compounds by an immobile phase in 
plete f a column due to preferential attraction of these components for the immobile 
hods | phase relative to other solutes. For example, in analyzing mixtures of sugars such 
itor- aS maltose and glucose, the different affinities for these two sugars for the pri- 
>; of | mary amino groups on the surface of the support material in a ‘commiercially 


prepared carbohydrate column is used to separate the sugars in an HPLC (high 
performance liquid chromatography) apparatus. The different sugars emerge 
from the column at different times, and they may be then detected and quantified 
separately using a refractive index detector. Many other separations based on 


iquid | HPLC methods are useful in medium analyses. Also, separations accomplished 
cells | under atmospheric pressure using ion exchange chromatography or size parti- 
“eon: Jk tioning chromatography are useful in resolving mixtures of related components 
alyti- | before their individual quantification. 
st be. | -== As noted previously in Chap. 4, a useful strategy for stientical analysis: is 
alain ; , * elective conversion of the component of interest to a readily measurable prod- 
§ uct. This is the basis for one of the standard laboratory methods for glucose 
Cae 5 assay, in which the enzymes glucose oxidase and. peroxidase selectively convert 
cion E glucose to a colored Sompoung which can be assayed Pea 
Dei ` BF Glucose + ae ies gluconic acid + 2H;0; an 
yducts $ | Seem 2 6 ORF 
prop- © H,O, + o-dianisidine peroxides’ , Oxidized o-dianisidine 
struc- f o ; (colorless) © = = (brown) 
other $ -> ` : = B 
ssay is | | -= lon-specific electrodes have become important tools in assaying certain bio- 
F Jogically important ions. Cellular nitrogen content can be determined with an 
‘action ` ammonia electrode either directly (NH,, or after chemical modification by pH 
ticular adjustment, NHŻ), reduction (NO7, NO27), digestion (amino acids), or énzy- 
itation matic modification (urea). Ion specific electrodes are also available for analysis of 
asured $ Many other ions which influence biochemical structure and machen including 
sly and ‘Potassium, sodium, and calcium. : 
protein ‘=: Occasionally, as an alternative to determining the concentration of a particu- 
metrié 4 dar compound in solution, the measurement determines the compound’s biologi- 


cal activity. Assay of penicillin in fermentation broths by this method has been a 
Standard procedure in the pharmaceutical industry. Here, the size of a zone of 
dead bacteria around a porous disc soaked with the solution to be assayed 
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provides an indication of penicillin activity in the solution. It is very common to. 
analyze enzyme content by measuring the activity of that enzyme. This functional : 
assay is accomplished by exposing the sample solution to a standard enzyme | 
substrate under standard conditions, then measuring the rate of substrate disap- } 
pearance, or product appearance, often spectrophotometrically or by fluores- $ 
cence. | l 
An alternative set of analytical procedures is based upon volatilization of the: 
components of interest and their measurement in the gas phase. This can be done $ 
for glucose, for example, by forming its TMS (trimethysilyl) derivative which can j | 
be vaporized in the injection chamber of a gas chromatograph and the product 4 
detected by a flame ionization detector. Determination of the contents of rela- f 
tively volatile components such as ethanol, acetone, and butanol in fermentation i 
fluids by this method is quite straightforward. i 
Analytical laboratories which support pilot- and production-scale fermenta- 
tion facilities often contain one. or more automated wet chemical analyzers. These 
automatically partition, dilute, and process a sample to carry out several chemi 
cal analyses. The response time of such instrumentation is 10 to 30 minutes 
sufficient in many cases to be useful for monitoring of bioreactions in progress. 
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10.3.2 Analysis of Cell Population Composition 


Analytical methods for cell populations can be categorized in much the same way _ 
as were mathematical models for cell population kinetics in Chap. 7 (recall Fig. 
7.2). Most classical measurements of biochemistry provide population-averaged $ 
and thus unseggegated data on the cell population. Measurements of this type Jf 
can be extended:to a very large number of cellular constituents, even to the level a 
of particular préteins, RNA molecules, and DNA molecules and sequences. If the 4 ; 
experimental mëasurement is made on a single-cell basis, or can be used to infer É 
single-cell information, so that the distribution of single-cell properties is ob- 
tained, the data may be said to be segregated. 

We shall first discuss measurements of nonsegregated type. The most coarse 
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of such measurements, after determination of total cell mass or number density, is $ 


analysis of the elemental composition of the cells including carbon, hydrogen, | 
and nitrogen. Automatic analyzers such as the apparatus for determination of | ; 


total nitrogen have been developed for bulk sample assays of this type. Specific -f 


ions are also known to play an important role in biological processes, and it is 
common to see total levels of iron, magnesium, phosphorus, and calcium re- 
ported as well. Determination of total protein, total RNA content, total DNA 
content, and other average macromolecular content of the cells can be accom- 
plished by well-established methods. Shown, for example, in F ig. 10.9 are some of 
the procedures useful in analysis of the macromolecular composition of yeast. It 


is beyond the scope. of this text to describe each of the individual analytical f 
methods for each class of macromolecules in detail; they can be found in Refs. 14 a 


and 15 as well as in many research publications dealing with composition mea- 
surements during cellular growth. Measurements of this type. provide the 
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scific ; - Figure 10.9. Flowchart of analysis procedures for determination of the (population-average) protein 
itis | and RNA content of yeast cells. Details on the Lowry and orcinol procedures may be found in Refs. 
; 415. 7 : 
ire- $ G S 
JNA 
zom- sae me oe a i SEO Lon 
ne of ` experimental basis for results such as those shown in Fig. 7.17. Although a given 
st. It $ method of protein or DNA analysis, for example, will often apply for many 
‘tical different. types of organisms, it may be necessary to adapt analytical methods to’ 
s. 14 he particular species. under investigation. ee ee ee ee, 
en: =+. Population-average cell content of particular proteins can‘ be determined in 
the everal different ways. First, for enzymes; activity. essays are used to monitor the 
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Table 10.3 Characteristic substrates and measurement principles for assay of 
activity of key enzymes in the catabolic pathways of Clostridium acetobutylicum 


Enzyme Reaction Measurement 
Acetoacetate Acetoacetate —— Consumption of 
decarboxylase acetone + CO, acetoacetate by I 
spectrophotometry 
(AOD, 79 nm) 
Phosphofructokinase Fructose-6-phosphate Reaction coupled with Consumption of 
- i aldolase, triosephosphate NADH by 
isomerase, and fluorometry z 
a-glycerophosphate (excitation 340 nm, 
emission 460 nm) 
Hydrogenase Methylviologen. Dehydrogenase Oxidation ‘of 


Pyruvate-ferredoxin 


oxidoreductase ferredoxin(red) pyruvate by 
—— ‘pyruvate + scintillation 
CoA + ferredoxin(ox) counter 
(radioactivity of 
14C) 
Butyrokinase Butyrophosphate Butyrophosphate + Production of 
hydroxylamine ————> butyrohydroxamic 
butyrohydroxamic acad + acid by 
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methylviologen + 
2H* ——— 
methylviologen (ox) + H, 


14CO, + acetyl-CoA + 


HOPO; 


Production of 


methylviologen 
which produces H, 
gas is followed 
manometrically 


spectrophotometry 4 l 


- changes in enzyme levels during process operation. Table 10.3 lists the character- 


ty levels of the enzymes associated with acids production decline late in the 


_vents production late in the batch. Based upon information of this type, alter- 


(AOD at 540 nm) 


istic reactions and measurement principles involved in assaying levels of key 
enzymes in the metabolic pathways from glucose to organic solvents in the bacte- 
rium Clostridium acetobutylicum used for fermentative production of acetone and 
butanol. Shown in Fig. 10.10 are the time courses of activity of several key 
enzymes in this organism during batch cultivation. Here it is seen that the activi- 


fermentation, while there is an increase in enzyme activity associated with sol- 


ations in metabolism may be more directly correlated with strain and bioreactor 
operating parameters in n order to optimize the organism and the process condi- 
tions. | 
Individual proteins can sometimes be analyzed by protein romaoo 
(see ‘Sec. 11.4) or by examining the relative intensities of bands obtained by 


-electrophoresis of a protein mixture. Increased resolution and extreme sensitivity 


fo many -different protein levels can be achieved by two-dimensional gel electro- 
sis in Which proteins are separated in one direction on the basis of their size 
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Figure 10. 10 Growth of Clostridium acetobutylicum i in, batch culture and level of enzymes. involved in: 
product formation. (a) Growth parameter and products formed. Optical density, O; pH-value, e: 
acetate, ^; butyrate, A: acetone, @; and butanol, W. (b) Level of enzymes involved in the formation — 


cof acetate and butyrate and of hydrogenase. Phosphotransacetylase, @; acetate kinase, Mf, ` phospho- 


transbutyrylase, @: butyrate kinase, A; and hydrogenase W. (c) Level of enzymes involved in the- 
formation of acetone and butanol. Acetoacetyl-CoA: CoA-transferase with acetate, (@) or butyrate . 
(0) as acceptor; acetoacetate decarboxylase, Y; butyraldehyde dehydrogenase, W; and butanol de- 
hydrogenase, W. (Reprinted by permission from W. Andersch, H. Bahl, and G. Gottschalk, “Level of 
Enzymes Involved in. Acetate, Butyrate, Acetone and Butanol Formation by Clostridium acetobutyl- 
icum,” ‘Eur. J. Appl. Microbiol. Biotechnol, vol. 18, Pi 327, 1983.) ` i eS a 


eh a | 


_ bodies can be made. Antibody labels are used frequently to determine the ex- Ẹ 
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and in a second direction on the basis of their charge. When separated in this 
way, different proteins tend to move to different spots in the two-dimensional 
plane, making it possible to identify and quantify a large number of proteins, 
simultaneously. For example, this method was used to study the rates of syn- + 
thesis of 140 different proteins during growth of the bacterium E. coli [17]. p. 
Another basis for analysis of individual proteins is binding of antibodies to at 
particular region on an individual protein molecule [18]. If antibody is available 
for the protein of interest, analyses based upon precipitation, detection of ra-: 
dioactively labeled antibodies, or the amount of enzyme activity which can be: 
linked to a particular protein by an antibody [the enzyme-linked-immunosorbent. 
assay (ELISA) method] may be used to quantify the amount of the individual: 
protein present. Such methods may also be applied to analyze cellular content 
other components or of macromolecular structures against which specific ant 


istence on a cell surface of particular types of molecules or structures and t 
quantify in some cases the amount of these components on the cell exterior. jf 
Labeling of cell surface compounds and subsequent measurement may be con-#} 


ducted without killing the organisms, a feature which may be useful in screening 
or selection during strain improvement by mutation. Such methods are also con- q 
venient for distinguishing between species in a mixed culture, since organisms | 
usually carry specific surface markers which can be identified separately and || 
quantified with specific antibodies. a 

The importance of plasmids as the carriers of the genetic instructions for. $ 
product synthesis in recombinant organisms makes assay of cellular plasmid con- q : 
tent a potentially important measurement. The most ri a 
quantification in bacteria is done by isolating all DNA from the organism, then # 


Ai 
a] 


Strains. . cae 

`- All of the measurements discussed above provide information on cellular 
composition and to` ree on tendencies in metabolism, but they do not 
directly indicate the current metabolic state or energetic state of the organism. 
Measurement of cellular ATP content can be carried out with a Biometer that 
measures luminescence produced by a reaction requiring ATP and catalyzed by 
the enzyme luciferase. Since ATP levels change rapidly as a function of cellular 
environment and metabolic activity, it is necessary that samples of the cell popu- 
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f lation be quenched. rapidly in phosphoric acid in order to preserve their. ATP 
this _ content before this or alternative ATP analyses. Since ATP is absent from nonvi- 


onal able cells, measurements of the ATP level can also be interpreted usefully in some 


teins cases as a measure of the metabolically active biomass in the population: -° 
syn- High resolution nuclear magnetic resonance (NMR) measurements of 3!P - 
have been successfully applied to determine. intracellular ATP,- ADP, sugar 
toa phosphate, polyphosphate, and pH values. Several different microorganisms have 
able been studied in this fashion including the bacteria E. coli [19] and Clostridium 
f ra- thermocellum [20] and the yeasts Saccharomyces cerevisiae, Candida utilis, and 
n be _ Zygosaccharomyces bailii [21]. In addition, tracer isotopes such as #3C and 15N 
bent may be used to observe functioning of intracellular pathways of carbon: and 
dual nitrogen metabolism via NMR [23, 24]. . eS ee ie Vy 
at of It has been observed in several fermentations with mycelial microorganisms 
anti- that the process productivity and kinetics. are correlated with the morphological 
: €x- state of the mold or actinomycete.. Example 7.2 presented some. data and discus- 
d to sion of the connection between morphology and product formation for cepha- 
For. losporin production using the mold Cephalosporium acremonium.. Direct 
Pons observation and quantitative monitoring of mycelial morphology is quite difficult 
ning and time-consuming Since repeated microscopic observations and human or 
On computerized image analysis are-involved. It has been observed that the filtration 
pus properties of a suspension of mycelia are influenced by the mycelial morphology, 
and and this principle has been used by Wang and collaborators [25, 26] and refined 
-by Lim and colleagues [27] to formulate an ingenious mycelium morphology 
for and biomass probe based upon a batch filtration measurement. A small sample 
>on- È of culture suspension is filtered, and the filtrate volume and cake thickness ate 
mid monitored continuously. Based upon previously established correlations between 
hen | filtration characteristics and the morphological properties and density of .the 
ient particular mold considered, these data provide a basis for intermittent on-line . 
mid monitoring of the progress of the fermentation. (see Prob. 11.6) i arai 
ton f _ There are several different methods available for measuring and characteriz- 
and Ẹ ing the distribution of single-cell characteristics in a population of single-celled 
mid i organisms. Microscopic observation can give Some approximate indications and, 
lion | coupled with image analysis methods, quantitative information can be obtained, 
>to FF although gathering data on a sufficiently large number of cells to have a good 
ich [| statistical sample is rather difficult. More ‘suitable for rapid measurements of 
y of properties of large numbers of individual cells are flow measurement methods of 
a _ Which there are two general types. In instruments utilizing the Coulter: principle, 
an 


e volume of individual cells is detected as cells suspended in a sample stream of 
in electrolyte solution flowing through a small orifice across which resistivity is 
measured. For spherical particles, the alteration in resistivity across the orifice 
may be correlated directly with the volume’ ‘of the ‘spherical particle; allowing 
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A richer class of measurements is possible using a flow cytometer. In this | 
instrument, a dilute cell suspension again flows through a measuring section and, _| 
in this case, optical measurements are conducted. As indicated in the schematic | 


diagram of Fig. 10.11, the cell sample stream is irradiated by a laser or other light -f 


source and the light absorption, scatter and/or fluorescence is measured on a ; 
single-cell basis. Light-scattering measurements may be used to obtain informa- $ 
tion on the cell size distribution. Since right-angle light-scattering intensity is ` 
sensitive to intracellular morphology, this measurement has been applied to ` 


monitor the accumulation in individual bacterial cells of refractile particles con- 


sisting of the storage carbohydrate polyhydroxybutyrate [28]. Individual cell - 
macromolecular composition has been measured for microorganisms and animal F 
cells by applying specific fluorescent dyes which label the macromolecular pool of 


interest including total cellular protein, double-stranded RNA and cellular DNA 


[29, 30]. Accumulation of an intracellular fluorescent product produced under ` 
the action of a single enzyme can be monitored on the single-cell level in such an ` 
instrument, allowing assay of individual enzyme activity in individual cells, study =} 
of in vitro enzyme kinetics and, by cloning the gene for this enzyme on a plasmid, ; 
characterization of single-cell plasmid content [31]. Flow cytometry measure- ` 
ments may also be used to differentiate and quantify multiple species in a mixed ua 
culture and to detect the presence of contaminant in a fermentation inoculum al 
[32, 33]. Since flow cytometry provides not only average information but givesa =f 
distribution of single-cell characteristics in the population, the data is rich and | 


provides detailed insight into the state of the microbial population. 

Although most applications of flow cytometry to study fermentation pro- 
cesses have involved single-parameter measurements, it is possible to effect simul- 
taneous multipl. measurements on individual cells, gaining even further detailed 


information onthe cell population. Data of this type, considering two-parameter - | 
measurements 45 an example, take the form of a surface indicating frequency or $ 


relative. number of cells as a function of the coordinates in an underlying plane 
representing the measured quantities. Figure 10.12 shows example data of this 
type in which the measured single-cell properties are light-scattering intensity — 
related to cell size—and intracellular fluorescence produced by the action of an 
enzyme encoded on a plasmid gene. Thus, the amount of fluorescent product 
accumulated may be correlated with the existence and even with the number of 
plasmids in the yeast cell. The data in Fig. 10.12. show two clear peaks which 
represent different types of cells in this culture. Those with relatively small fluo- 
rescence intensity are cells without plasmids which exhibit a low degree of 
natural fluorescence under the measurement conditions applied. The population 
with larger fluorescence, evident as a distinct mode or mountain in this sort of 
measurement, represents cells containing plasmid and therefore the enzyme re- 
quired to generate an additional fluorescence response. Based upon this type of 
measurement, the proportion of cells with and without plasmid in the culture can 
be very rapidly assayed and further information can be extracted on plasmid 


_Teplication and segregation in the recombinant strain. 
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Figure 10.12 Two-parameter characterization of a population of recombinant Saccharomyces cere 
visiae by flow cytometry. Axes of the basal plane denote single-cell light-scattering intensity (corre- - 
lated with cell size) and single-cell fluorescence intensity which here is correlated with cellular plasmid ; 
content. Here, plasmid-free and plasmid-containing cells are readily distinguished based on fluores 
cence. 


10.4 COMPUTERS AND INTERFACES 


There are a number of advantages to be gained by coupling process instruments 
to digital computers. First, the computer can enhance data acquisition functions — 
in several respects. Improved reliability and accuracy can be obtained by using © 
Statistical methods and digital filtering. Readings from several parallel sensors 
can be compared and analyzed to provide on-line recalibration and to identify 
sensor failure. With a computer, the number and sophistication of analysis sys- 
tems can be increased. For example, a computer-controlled system may take 
samples automatically, conduct a ‘chromatographic analysis, and interpret the 
results, using internally stored calibrations or algorithms to give output directly 
in convenient units. Although simple signal conditioning and correcting opera- 
tions such as linearization can be done with particular electronic circuits, these 
functions are readily accomplished using a computer without the need for addi- 
tional specific hardware. Another advantage of computers with respect to data 
acquisition is the ability to store large quantities of measured results in digital 
form which may be accessed conveniently, analyzed, and displayed later. 
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Using computers, data analysis and interpretation can be enhanced greatly. 
Results of several measurements may be combined to calculate instantaneously 
quantities such as oxygen utilization rate and respiratory quotient. Advanced 
state and parameter estimation methods may also be applied on-line to provide 
additional useful information on process status from the limited measurements 


available. More specifics and some examples of computer applications for data 


analysis are presented in the next section. = 

Computers expand opportunities tremendously for improved process control 
and optimization. One computer can replace. many conventional analog con- 
trollers and control many individual valuables such as pH and temperature using 
standard feedback algorithms. Furthermore; more sophisticated multivariable 
control methods may be implemented easily with a computer. Controlled. vari- 
ables may include derived quantities such as RQ when a computer is applied. 
Computer methods may be uséd to evaluate and improve process mathematical 


' models which may then be employed for determining optimum operating condi- 


tions and strategies. Then, the computer provides the memory and computation 
capability to implement the optimization method, such as variation of nutrient 
feeding rate or pH during a batch fermentation. 

Operation of a batch process requires a carefully controlled and coordinated 
sequence of valve openings and closings and pump starts and stops. While all of 
these functions have been done by various timers and relays in earlier . tech- 


‘nology, they may now be managed efficiently by computer. Use of a computer to 
“manage such switching operations during batch process operation becomes 
„essential if we wish to optimize the scheduling of a number of parallel batch 


processes (e.g., fermentors) which feed sequentially to downstrean batch processes 
(e.g., precipitation, chromatography, and so forth). We shall examine elementary 
process regulation and more ambitious control objectives and strategies in Sec. 
10.6 and 10.7, respectively. | . 

. . Before turning to these interesting domains of computer application, we shall 
examine briefly some of the principles of digital computers and computer inter- 


_ faces. Our objective here is to introduce some generic concepts and, by example, 
_ to illustrate specific realizations of different types of computer-process configura- 
' tions. Because improvements and cost: reductions in computer hardware and 


software are proceeding presently at a rapid rate, any specific computer system is 


- probably outdated by the time its. description has been published—certainly in 
-book form. Thus, we should view the examples here and in the remainder of the 
chapter as the. kinds of things which can be done, recognizing that, as of this 


reading, there are probably cheaper, more efficient ways of doing the same thing 
or something even more effective.» - oF l i 


10.4.1 Elements of Digital Computers 


The basic components of a digital computer are shown in the block diagram in 
Fig. 10.13. The central processing unit (CPU) accepts instructions from a stored 
Program through. its control unit and performs. the indicated arithmetic ‘and 
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EASI Figure 10.13 Basic functional ele- at 
Ee hee Input- - ments in a computer. CPU de- a cc 
ead/write Ra 
. output . notes central processing unit and 3 te 
control ALU stands for arithmetic and a ca 
l _ logic unit. The different elements i in 
communicate through a bus sys- a a 
tem. (Adapted from W. A. Ham- 
pel, “Application of Microcom- aE 
puters in the Study of Microbial 3% 
Processes,” p. 1, in “ Advances in : i 1( 
: Biochemical Engineerin , Vol.13 
aa ral [T. K. Ci echie, and a TI 
N. Blakebrough (eds.) ], Springer- 38 ul 
Verlag, Berlin, 1979. ) e cl: 
cc 
logical operationg;in the arithmetic and logic unit (ALU), using internal registers 1 
. for short-term st@rage. Operations in the CPU are controlled and synchronized Z 
by an internal quartz oscillator clock. The cycle time of the CPU, which may : 
range from less than 10 to 10*-ns (10~°s), combined with a number of bytes á 
(each byte contains eight bits, a binary number with value 0 or 1) processed per a 
cycle (the word size), determines the speed of computation in the CPU. For 
example, microcomputers available in 1980 employed 8-bit words. By 1982 16-bit W 
microcomputers. were available, and 32-bit machines -were manufactured by cc 
several companies in 1984. | in 
| Memory for storage of program instructions and data is provided in several ca 
different forms. Read-only memory (ROM) contains fixed instruction sets such as ar 
compilers and interpreter programs, while random access memory (RAM) is used ca 
for short-term storage of programs, input data, and computational results. The er 
CPU reads frequently from and writes on the RAM during computer operation. 
As of the mid-1980s, popular microcomputers had RAM capacities from 64,000 cc 
bytes (64 kilobytes or just 64 K) to 512K and beyond. Additional memory is ci 
usually available also in one or more peripheral devices. Common external mass fo 
.. Memory devices for use with microcomputers are magnetic tape cassettes (stor- m 
age’ 80-300 K, access time ~ 10 s), floppy disks (100-600 K, access time ~0.5 s) pr 
“and hard disks (500-20,000 K, access time ~ 3 s: all numbers as of 1984). - de 
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The input-control allows the computer to communicate with <iehial pe- 
ripheral devices. Within the computer, a bus system | interconnects the CPU, 
memory, and input-output control segments. 

The functional elements described above are common to all computers, but 
the speed and memory capacity are determined by the particular hardware con- 
figuration. Based on these parameters, computers are often classified into super- 
computers, mainframe computers, minicomputers, and microcomputers, with this 
list ordered from largest, fastest, and most costly to smallest, slowest, and least 
expensive. Definition of the’ boundaries between these different classes of com- 
puters is constantly shifting; today’s microcomputers have the power: of. main- 
frame computers of the 1970s. The availability of tremendous computing capacity 
at low cost is driving a revolution of new computer uses in consumer products, 
communications; information processing, scientific instrumentation, and in bio- 
technology. While computer-coupled fermentors were a novelty i in the 1960s, we 
can expect in the not too distant future that almost every bioreactor, analytical 
instrument, and other bioprocess unit will be monitored and controlled by digital 
computers. 


10.4.2 Computer Interfaces and Peripheral Devices 


The storage and arithmetic and logic capabilities of a computer are worthless 


-unless the computer is connected to or interfaced with something else. We can 


classify computer interfaces as follows according to the object connected with the 
computer: 


1. Computer + computer: communication 
-2. Operator > computer: instruction 

3. Computer > operator: information 
"4. Sensor + computer: input 
“5, Computer + actuator: manipulation 
We shall next consider each of these types of interface and their significance i in 
computer applications’ in biochemical engineering. Before turning to particular 


‘interface classes, however, we should make the general comment. that communi- 


cations hardware and software controls applied to a particular type of interface 
are not standardized, so that different computers, peripheral devices, and sensors 


‘cannot be “plugged- in” to each other arbitrarily. Care must be exercised to 
ensure that units to be interconnected have compatible input- output functions. ` 


Computer-computer connections are important because different types of 


computers and digital devices have different costs and capabilities. Overall effi- 


ciency is maximized and cost minimized by using the minimum computing power 
for the major task at hand, communicating with a higher-level computer when 


“more rapid or complex computational operations or larger Storage aré needed. A 
proposed hierarchy of computing levels applicable to fermentation research’ and 


development ‘is shown in rig, 10.14. Here, atthe first and lowest level; which 
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Figure 10.14 A useful breakdown of functions in a hierarchical computer system. Level 1, 2, and 3 
functions correspond approximately to microcomputer, minicomputer, and mainframe computer 
hardware, respectively. ( Reprinted by permission from L. Valentini, F. Andreoni, M. Buvoli, and P. 
Pennella, “A Computer System for Fermentation Research: Objectives, Fulfillment Criteria and Use,” 


p. 175 in “Computer Applications in Fermentation Technology,” Society of Chemical Industry, London, 
1982.) i l 


could be handled by a microcomputer, measurements from the fermentation pro- 
cess are displayed and stored and conventional single-loop regulatory control 
functions (se eC. 10.6) are provided. A mini-computer might manage the second 
level where more detailed data analysis and further operator interaction occurs. 
Also, the calculations needed for more sophisticated Control algorithms could be 
done at this level. . | 
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The first- and many of the second-level functions are conducted in real time,. 
which means that there is negligible lag between input of information or instruc- 
tions to the computer and output or control action based on that information. At 
the highest or third level, a mainframe computer may be used to solve compli- 
cated model equations, estimate model parameters from obtained data, and 
evaluate advanced control and optimization Strategies. Here, information sup- 
plied from the first- and second-level computers would be used, but the results 
would not necessarily be obtained in real time. Instead, the goal may be improve- 
‘ment of process operation at some future time. sop ees T 

. Communication at the “person-machine interface” between operator and 
computer takes several different forms.. Computer-to-operator communication 
may occur using a digital meter, a CRT (cathode-ray tube display), printer, plot- 
ter or, recently, computer-generated speech. The form of Output displayed on a 
CRT printer or plotter may be text or graphical format shown in single or 
several colors. Operator input to the computer is often using a keyboard, directly 
communicating with the computer in the case of a terminal or indirectly: using a 
keypunch. Other modes for operator input include Switches, touch-sensitive 
screens, and “mouse” devices which, when rolled on a hard surface, translate 
correspondingly a cursor on a CRT display. Also, speech recognition capabilities, 
the object of intensive contemporary R & D activities, already permit a small set 
of instructions to be entered verbally. Input of prerecorded programs or data is 
done through one of the mass memory peripherals mentioned earlier. ` ©, 

The convenience and flexibility of operator-computer interactions combined. 
with the computer’s ability to store and manipulate rapidly large quantities of: 
data have several significant benefits in biotechnology as in other areas of process. 
technology. Process and controller status can be communicated to the process 
operator in clear, efficient fashion, giving the operator the option of examining. 
particular aspects of the process in greater detail on command. Alarms and cues 
generated by the computer can alert the operator to existing or emerging prob- 
lems in the process. Also, the operator possesses great flexibility in altering con- 

, _ troller settings or, if needed, even the controller algorithms and configuration. 

-. In addition, safety and regulatory policies usually require. gathering and 

maintaining detailed records’ on each batch of a drug. Such record-keeping and 
report generation is facilitated greatly if a computer is linked to ‘the process.. 

_. Reports on raw material and energy consumption, cycle times, yields and inven-. 

| +. tories important in R & D, in plant management, and in overall economic opti- 
‘mization for the company may be prepared more rapidly and with much less 
“effort if the process units are computer-coupled. Benefits solely from improved 
-tecord-keeping and report generation have provided the economic justification 
- for installation of process computers in several pharmaceutical: companies. | 
> = Sensor-to-computer interfaces depend on the Measured quantity and. the © 
vailable forms of sensor output. Some important process operating variables 
ave only “on” or “off” states such as running of a pump or compressor.or an` 
pen or closed valve. These may be read by the computer directly in digital form. 
nother type of digital input is a pulse which is generated by a tachometer or — 
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mass-flow meter for a given amount of shaft rotation or mass. Rates are then 
determined by counting pulses per unit time interval a i 
Many sensors monitor parameters which have a continuous range of values. | 
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puter through an analog-to-digital (A/D) converter. Usually, the analog signal q 
provided by the analysis instrument must be conditioned suitably—that is, trans- $ 


haps converted from current to volt- $ 
age—before it is input to the A/D converter which is designed to accept analog 
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signals over a ‘ptespecified range. Resolution of the analog signal is directly re- 
lated to the number of bits employed. If the digital output has n bits, the input 
analog range will be divided into 2" discrete subintervals by the converter. 

An example of a laboratory data acquisition system based on a microcom- 
puter is illustrated schematically in Fig. 10.15. As mentioned, the O, and CO, 
analyzer analog outputs ‘are adapted before going to the A/D converter. Interest- 
ingly, notice that-an amplifier board has been used to input directly the voltage 


“generated by the dissolved oxygen probe without the use of a separate instru- 


ment or readout unit for DO. By replacing some of the functions’ of analog 
instruments and controllers, a microcomputer ‘system can provide all of the ad- 
vantages discussed at lower cost than the traditional set of analog instrumen- 
tation. é z E ; 

Two different approaches have been used in connecting several analog inputs 
to a computer. The first uses a separate A/D converter for each input (there are 
usually several such converters on a single A/D board). Alternatively, a scanning 
unit containing several relays (relay multiplexer) may be used to switch among 


_ several analog inputs, feeding the selected input to a single A/D converter. The 


former approach permits more rapid sampling and reading of each analog input 
at the cost of a larger number of A/D converters. Increasingly, analysis instru- 
ments are being equipped with digital outputs, usually in the form of a binary — 
coded digital (BCD) signal, which may be used for computer input. 

_ Consideration of computer-to-actuator interfaces parallels that just described 
for physical device-to-computer. communication. Digital outputs control electri- 
cal on/off switches (relays) and stepping motors. Digital-to-analog (D/A) conver- 
ters send to actuators analog signals corresponding to digital value output ofthe. 
computer. Figure 10.16 shows the interconnections and interfaces used in còm- 
puter coupling to a pilot plant. While the. complexity and -scope of the two 
systems clearly differ, the major components, types of information, and signal 
flows are very similar to those in the laboratory gas’ analysis microcomputer 
module in Fig. 10.15. AGS cae 


10.43 Software Systems. | 


__ The software—the set of programmed instructions which govern the operation of 
‘the computer, its interfaces and its peripheral devices—is a critical component of 


a computer-coupled fermentation process. The software dictates how the com- 
puter, and perhaps ultimately the process, will perform. Which data is displayed 


‘and stored in what format, what operator inputs or interventions are necessary 


or allowable, perhaps how the process is operated, are determined by the soft- 


_ ware. It has long been recognized by those with experience in the field of com- 


puter-coupled instruments and processes that good software is a central key toa. 
successful system, and that software development can be the major-task and a: 


|. significant expense in installing a process computer. Recent downward trends © 
|. in hardware prices certainly reinforce this: theme. Consequently, it behooves” 


the laboratory researcher and plant manager alike to examine carefully ‘the 


'. Mainframe 


» printed by permission from M. Meiners and W. Rapmundt, “Some Practical Aspects of Computer 
_ Applications in a Fermentor Hall,” Biotech. Bioeng., vol. 25, p. 809, 1983.) 


„puter system essentially can run several programs simultaneously, thereby ob- 
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Fi igure 10.16 Disián ofa computer system for monitoring and control of a fermentation pilot plant. 
Abbreviations: LP, line printer; F, fixed wiring; S, switching system; C, cross distributor. Contact 
sensors receive information on measurement equipment and input from the fermentor operator. (Re- 


capabilities and flexibility of existing software for. alternative hardware and to 
consideg carefully the ultimate costs of not paying what may seem initially like a 
high price for system software. 

The operating system of the computer controls program execution, file stor 
age management, inventory and allocation of memory, and coordination of these 
functions. There are three different types of computer programs: utility programs 
which start up the system and create files, language programs to permit use of | 
high level languages (BASIC, FORTRAN, APL and others), and applications 
programs for accomplishing particular computations and other tasks. Some ob- 
jectives of applications programs such as data acquisition, operator information, 
and report generation have already been discussed, and others including data 
handling.and process control are considered in the remainder of this chapter. 
Examples of particular algorithms and application program functions abound in 
the chapter references. 
` An important consideration in selecting a hardware-software system is its 
ability to do time-sharing or multitask operations. With this capability, the com- 


serving, analyzing, and controlling several different process units at the same 
time. Also, new programs can be written and old ones debugged or modified 
while the computer continues to interact with one or more processes. Multitask 
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capability i is essential at the second and third levels displayed i in Fig. 10. 14, but 


the dedicated microcomputer data acquisition and analy system in Fig. 10.15 
does not require time-sharing features. . 

Having surveyed the basic concepts important in process computer systems, 
we now examine some uses of computers and of data which they have acquired 
to define the operating state of the process and to provide the desired environ- 
mental conditions for maximizing bioprocess Productivity. | 


10.5 DATA ANALYSIS 


Although the available measurements for a bioreactor are limited, these can be 
used in concert with defining equations, overall mass and energy balances, and 
process mathematical models to deduce the values of process variables and 
parameters. As A. E. Humphrey suggested in 1971, the available measurements 
taken together provide a “gateway” into other aspects of the process which are 


_ not directly observed. We have.already discussed how measurements of inlet and 


exit gas flow rates and composition may be used to calculate the average volu- 
metric mass-transfer coefficient, k,a, for a bioreactor (see Sec. 8.2.1). Also, in Sec. 
5.10 we saw how macroscopic balances on cellular growth could be used ‘syste- 
matically to calculate macroscopic flows based upon known overall cellular reac- 
tion stoichiometry. Figure 10.17 ‘shows in flowchart form how. measured 
quantities may be used to calculate related process properties associated with 
mixing and aeration and with cell growth and metabolism. 

On-line estimation of biomass concentration and of specific growth rates 
during fermentation has been a central objective for data analysis methodologies. 
In this section, we will use this biomass éstimation problem as a prototype for 
iustration of several different. approaches to bioreactor data analysis: 


10.5.1 Data Smoothing and Interpolation 


Often, measurements obtained from process instruments are noisy. Significant 


_. Measurement fluctuations make the instrument outputs unsuitable for use as an 


accurate, instantaneous value. Some sort of signal conditioning or smoothing i 1S 
required in such cases. l 

The simplėst way to smooth data is to apply a first-order ‘(analogous to an 
RC) filter which attenuates input fluctuations smoothly and increasingly ; as the 
fluctuation frequency increases. Such a filter is characterized by a time constant 


ty: inputs with: frequencies much smaller than t;' are attenuated to negligible 


magnitude in the output, and fluctuations with freqitencies much greater than ty Pa 
pass essentially unaffected. In discrete-time form, convenient for digital computer 


implementation, such | a filter i is given by [2] 


Wy = ag, + Aikor a ‘se l ; a (10.4) 
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Figure 10.17 Primary measurements, shown on top, may be used to calculate many related process 
properties and parameters. (Reprinted by permission from L. P. Tannen and L. K. Nyiri, “ Instrumenta- 
tion of Fermentation Systems” p. 331 in “ Microbial Technology,” 2d ed., Vol. II [ H. J. Peppler and D. 
Perlman (eds.)], Academic Press, New York, 1979. ) 


where u is the fier input (noisy signal), w is the filtered output, and subscripts k 
and k — 1 denote the current and the previous discrete sampling times. Qo, a1, 
and b, are parameters which determine the filter characteristics. In particular, t f 
is related to the sampling time T, (the time interval between samples) and the 
parameter b, by the equation 


f= ware (10.5) 
1 

Somewhat simpler to implement, yet giving similar filtering characteristics, is 
a moving average calculation. Here, we take measurements more frequently, and 
average some set, say 10, of the sequence of measurements to obtain a representa- 
tive value over the time for all of those measurements. This is quite feasible for 
bioreactions where significant changes in measured quantities often occur over a 
much longer time scale than the time required for the measurement. 

A more sophisticated filter which also provides an interpolation polynomial 
has been proposed for fermentation applications by Jefferis and coworkers [35]. 
We shall ider estimation of biomass density and growth rate from noisy, 
intermittent turbidity measurements as an example. The cell mass density within 


sy, 
yin 
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some time interval t backward from the current Sorapung i time is represented asa 
second-order. polynomial. i in time: 


e eae 40.6). 


The objective is to estimate values of the coefficients æi, %, and a, using the 
present measured value of x, x(t,), previously measured values, and possibly 
information on measurement noise as well. One approach is to effect a least- . 
squares deviations fit ‘of Eq..(10.6) to the data over the time interval tk — T tO tg- 
A recursive least-squares filtering method for this purpose is described in Ref. 35. 


Other techniques for filtering noisy data are discussed in the general tn at 


chapter’ s end. 


10.5.2 State and Parameter Estimation 


Neglecting accumulation of oxygen in the reactor, the oxygen material balance 
on a batch reactor becomes l 


F (Co, f — F Co, e 1 ax 


= Qo, = Mornx + y — “a07 


where f aa e denote feed and exit values, respectively. In this equation, oxygen 
use for both growth and maintenance metabolism is considered. ‘By measure- 
ments on the feed and exit gas streams, the oxygen utilization rate Qo, (this 
quantity is often also indicated as OUR in the literature) may be determined 
experimentally. With Qo,(t), a known function of time and assuming the coeffi- 


cients Mo, x and Yx/9, to be constants, Bd oo k may be Dan to orain . 


x(t) = exp (— Moxx kan x ho. + f ¥x/o2 EXP (M O2/X ¥eio,2)0o,(2) oo (10. 8) 


This equation may now be used to estimate values of x(t) iom Oo,(t) measure- 
ments. Then, the growth rate dx/dt ang specific growth rate follow directly from 


Eq. (10.7). 


However, before applying this to a particular fermentation, the oxygen stoi- 
chiometric parameters must be determined. A convenient equation for this pur- 
pose may be obtained by integrating “a ( 10 1). with ey to time ang 
Tearranging to obtain [29] . . ; i 


- 0 


fo Qo,(z) dr ae ole, D-o | 
5 x(t) dt x(t) dines Yo, So x(t) dt 


Using mesie value of Qo, (t) and x(t) from an off-line: experiment, ' the’ 
- parameters: Mox and Yyj9, may be determined from a:linear ` plot -of the left- 
_ hand side of Eq. (10.9) vs. the bracketed quantity on the right. . ashen t 
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Figure 10.18 Comparison between measured (dots) and estimated (line) biomass concentrations for 
batch growth of (a) Streptomyces sp. and (b) Saccharomyces cerevisiae. ( Reprinted by permission from 
D. W. Zabriskie and A. E. Humphrey, “Real-Time Estimation of Aerobic Batch Fermentation Biomass 
Concentration by Component Balancing,” AIChE J., vol. 24, p. 138, 1978. ) ; 


` Zabriskie and Humphrey [36] applied this approach to batch cultivation of 
several microorganisms. Figure 10.18 shows the results for (a) a Streptomyces 
fermentation and (b) for growth of Saccharomyces cerevisiae. Yield factor and 
maintenance coefficient values for each case are shown, as is the coefficient of 
variation v between experimental data (dots) and biomass concentration esti- 
mates (continuous line) based on Eq. (10.8). We see that this estimation proce- 
dure performs well for the Streptomyces cultivation but that, in the S. cerevisiae 
experiment, the data deviate qualitatively from the estimates. There is evidence of 
diauxic growth in the measurements which is not indicated by the estimates 
derived from material balancing. These discrepancies have been attributed to 
variations in Mo,/ and Yxo, Which accompany shifts in glucose utilization me- 
tabolism during cultivation [36]. 


This particular example is illustrative of an entire class of data analysis ap- 


proaches based on macroscopic balances. These methods often perform well as 
gateways from measurements to derived process variable values. Difficulties may 
arise, however, because of error accumulation. 


General methods for estimating the state of a process, that is the values of - 


the variables which appear in a differential equation mathematical model of the 
process, have been developed by systems engineers and applied mathematicians. 
Like the material balancing approaches, these more advanced estimation 
methods take into. account known relationships among process variables. How- 
ever, these methods also consider noise effects and error propagation—in fact, 
the mathematical bases for modern estimators rests in the theory of stochastic 
processes. ` ge. a l "i 
_... Presentation of modern multivariable estimators such as the extended Kal- 
man filter is outside the scope of this text. We should, however, note several 


ine n “Te «| 
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attributes of the extended Kalman filter applied to bioreactors as revealed in the 
computational ai and experimental studies of San and Stephanopoulos [37, 38]: 


1. The estimator responds rapidly and accurately to changes in process param- 
eters. : 
2. The estimator is not sensitive to errors in the sarang estimates of the state 
variables. : 
3. The state estimation method can be extended i ina straightforward fashion: ‘to 
. provide estimates of time- -varying process parameters. 
4. Error propagation and erowin is not a problem with thig type of estimator. 


l l Figure 10.19 shows one apu on test of the srtended Kalman filter estima- 
tion method proposed by San and Stephanopoulos [31]: Here, a mathematical 
model of a chemostat was subjected to a series of step increases in dilution rate, 


sfor | and the model variables were corrupted by computer-generated noise before én- 
fom $ tering the estimator. The resulting changes in biomass: density and specific 
mass: | hs growth rate are tracked accurately, even after the dilution rate has exceeded Umax 


and washout has started to occur. 
Process measurements and process variables and parameters deduced from 


aof f the measurement data provide the information needed to operate the PROCESS: In 
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the next sections, we examine different strategies for maintainin 
ing process operating conditions for good performance. 


g and manipulat- 
10.6 PROCESS CONTROL 


Obtaining Satisfactory process performance re 
conditions at design value 


ditions. 


10.6.1 Direct Regulatory Control 


Using control of a bioreactor as an example, we frequently wish to control pH, 
temperature, aeration rate, agitation speed, and perhaps dissolved oxygen partial 


these quantities can be measured on-line, 
regulation of each. of these process state variables can be accomplished using a 


; basic components of which are summarized 


y be a person who monitors instrument readout and de- 


The controller ma 
cides what to do. More often, the controller is a pneumatic, electronic, or digital 
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F igure 10.20. Elements in a feedback control system. 
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computer device. The simplest type of control is on-off control. Here, the actua- 


tor is turned on when the error exceeds a specified value and turned off when the 
error falls below another. specified, threshold level, or vice versa. Such controls 
are used when the activator or control element, which acts physically on the . 
process to cause corrective action, is an on-off device such as a single-speed 
pump. Thus, in on-off pH control, a pump which feeds base to the fermentor is 
turned on when the pH falls a certain amount (typically 0.25 pH units) below the 


set point pH. When the pH reaches a certain level (set point + 0.25 pH units) 
- above the set point, ‘the pump is turned off. (At this point; an acid feed pump 


may be turned on. However, this is usually not necessary since the effect of most 
fermentations is to lower medium pH.) Temperature control is often accom- 
plished in a similar way, at least in small-scale reactors. | k 

If the control element provides a continuous range of outputs, such as a 
variable-speed motor on the fermentor impellor: shaft or a continuously adjust- 
able valve on feed air supply, it is common to use proportional-integral-derivative 


(PID) control or some variation of this. algorithm. For PID control, the con- 
troller output o is given by 


1 fF de(t l 
o(t) = 0, + Kd (0 +— i e(w)dw+t tp al e “010:10) 
Ty dt 4 ` an 
Here, 0, is the nominal controller output corresponding to operation at the un- 
disturbed, design condition, and e(t) denotes the error 


e(t) : = (set point value — measured value) at time t . i ( ain 


As indicated in Eq. (10.10), the three different terms in the bracket contribute 
to control action in proportion to the error (P), the integral of the error (I) and 
the derivative of the error (D). Relative weighting between these three control 
modes is determined by the parameters t; and tp which are called the integral 


time and the derivative time, respectively. The overall “strength” of control action 


is determined by the magnitude of the proportional gain K.. If the derivative 
mode is absent (tp = 0), the controller is called simply proportional- -integral (PI). 


Other possibilities are obvious. 


A properly adjusted controller of this type often provides excellent regulation 


'of the measured variable. Poorly adjusted, a feedback controller can destablize 


the system, causing undesirable, accentuated fluctuations. How to set or “tune” a 
PID controller and its relatives is a central theme of many texts on process 


control (see, for example, Refs. 1-3). 


Common practice is simultaneous use of several controllers of this. type, one - 


` using temperature measurements to change cooling rate, one regulating pH, and 


so forth. Because of decreasing costs of digital computer hardware, it is increas- 
ingly effective to use a single microcomputer as the controller for several such 
single-variable feedback control loops. If the computer output (usually after a 
D/A converter or a relay) is used directly to drive the actuator, the system. is isan 
to be in direct digital control (DDC). bog 
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Figure 10.21 A computer control system for dissolved oxygen concentration based on exhaust gas 
and dissolved oxygen analyses. (Reprinted by permission from L. P. Tannen and L. K. N yiri, “ Instru- 
-mentation of Fermentation Systems,” Pp. 331 in “ Microbial T; echnology,” 2d ed., Vol. I [H. J. Peppler 
and D. Perlman (eds.) ], Academic Press, New York, 1979.) 


A distinct advantage of using a computer as a controller is the opportunity 
to combine the data analysis capabilities of the computer with the flexibility of 
manipulating more than one process input to achieve control. An example of 
such ggsystem is shown schematically in Fig. 10.21. Here, measurements of dis- 
solvedoxygen (DO) level and exit gas O, concentration allow on-line estimation 
of k,a. This information can then be used in concert with the DO measurement 
to manipulate agitation rate and/or gas feed rate to control DO at the desired 
devel. This is a DDC system. Notice that the A/D converter accepts current 
signals here, requiring conversion of instrument output voltages to currents (the 
V/I converter). It is preferable to transmit electrical analog signals in current 
form unless the transmission lines are very short (e.g., in a research laboratory) in 
order to avoid significant line losses. The theme of applying calculated process 
states and parameters for control is extended in the next section. 


| 10.6.2 Cascade Control of Metabolism 


D 


The ultimate objective of any cellular bioreactor control scheme is to provide an 
environment or an environment history which drives the metabolic controls in 
the organism to maximize production of the desired compounds. . Accordingly, 
instead of thinking about keeping pH or temperature-at some particular value, it 


may be more useful to consider controlling the bioreactor so that the culture 
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Figure 10.22 Information flow in a cascade control scheme in which deviations from desired meta- 
bolic states are used to modify environmental variables. Legend: DO, dissolved oxygen; F, gas flow 
rate; S, substrate; +S, substrate addition rate; P, pressure or product; N, agitation speed; Qoz» Qco,; 
gas utilization rate. (Reprinted by permission from L. P. Tannen and L. K. N yiri, “ Instrumentation of 
Fermentation Systems,” p. 331 in “Microbial Technology,” 2d ed, Vol. II [H. J. Peppler and D. 
Perlman (eds.)], Academic Press, New York, 1979. ) 


growth rate or respiratory quotient is kept at a desired value. This. is feasible 
since, as summarized in Sec. 10.5, we can estimate some metabolic properties of 


the culture. based upon available measurements. Then, as illustrated in the infor- 


mation flowchart in Fig. 10.22, the estimated metabolic property may be com- 
pared with its set point value. Error here determines the “metabolic control 
action” in Fig. 10.22, perhaps using one of the feedback controller algorithms 
just described. | oe Bs SS ate e 
_. The output of the metabolic controller may be used directly to alter a pro- 
cess input such as a pumping rate. Alternatively, the metabolic controller output 


may be used to change the set point of an “environmental controller,” say for pH 


or DO. The pH or DO controller will then alter the pH or DO which, in a good 
control system, will change the metabolic variable to reduce its deviation from 


_ the metabolic variable set point. 


When the “environmental” variables are controlled by local single-loop con- 
trollers and the environmental controller set points come from a digital com- 
puter, the scheme is called supervisory control or digital set point control (DSC). 
Of course, everything may be- done by digital computer/controllers. We have 
already seen such a system in Fig. 10.14, in which the first-level computer carries 
out the regulatory control of environmental variables, driven by set points pro- 
vided by a higher level computer. - ae ee ee 
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Computer control of fed-batch cultivation of baker’s yeast (Saccharomyces : 


cerevisiae) affords an interesting example of metabolic manipulation by proper 
environmental regulation. Regulation of glucose catabolism in this organism is 


quite complicated. At suitable values of glucose and dissolved oxygen concentra- a : 
tion, glucose is utilized for respiration, providing maximal cell yields per unit $ 


amount of glucose consumed (recall Sec. 5.3). If glucose concentration increases 
above a certain level, metabolism switches to fermentation even in the presence of 
oxygen. This condition is termed aerobic fermentation and is the result of meta- 
bolic regulation known as the Crabtree effect. If aerobic fermentation occurs, cell 
yield on glucose is reduced, and ethanol and CO, are formed as end-products. As 
noted earlier (Sec. 7.2.3), ethanol inhibits yeast cell growth. . 
Consequently, aerobic fermentation should be avoided if production of yeast 
is the process objective (as is often the case). This can be accomplished by feeding 


glucose during the batch fermentation. The program of glucose feeding can be a : 


preset schedule based on previous experience with the fermentation. However, 
due to batch-to-batch variability in the inoculum and medium (in practice, mo- 
lasses rather than pure glucose), such a fixed feeding schedule may not match the 
glucose requirements of the culture over time, resulting in high glucose concen- 
trations, aerobic fermentation, and yield reductions. | 
In order to adapt such a feed-on-demand strategy to the requirements for a 

particular batch, Wang, Cooney, and Wang [39, 40] used on-line material bal- 
ancing to estimate the progress of the fermentation and to adjust the glucose feed 
rate accordingly. Respiratory quotient [RQ; Eq. (5.51)] was found to be a useful 
indicator of glucose utilization pathway, with RQ values greater than unity in- 
dicative of ethanol formation. RQ values in the ranges below 0.6, 0.7-0.8 and 
0.9-1.0 signal ethanol utilization, endogeneous metabolism and oxidative growth, 
respectively. z 

_. Wang et al. £39, 40] described the baker’s yeast fermentation using the fol- 
lowing stoichiometric representation: 


aCsH, 206 + bO, + cNH, mare C6Hi0.9N1 0393.06 + eH,O + fCO, 
ee | | g E (10.12) 
C6H;206 — 2C,H;0H + 2CO,. (10.13) 


The empirical cell formula {with unity coefficient in Eq. (10.12)] is based on an 
average of elemental analyses conducted at different Stages of the batch fermenta- 
tion. There are seven unknowns in describing this reaction system: the five stoi- 
chiometric coefficients in Eq. (10.12), and the extents to which these two 
reactions have occurred. Based upon elemental balances on C, H, O, and N in 
Eq. (10.12) and measurements of O, utilization, CO, evolution, and NH, addi- 
tion, these unknowns may be determined on-line. 

. Controlling glucose addition based on the Strategy of maintaining RQ less 
than unity produced the results shown in Fig. 10.23. Here, the control and asso- 
ciated estimation method performed extremely well. Glucose and ethanol levels 
both remain low throughout the fermentation, with the exception of a brief pulse 
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‘Figure 10.23 Results of a fed-batch baker’s yeast fermentation using computer-controlled glucose 
-feeding based on attaining desired respiratory quotient values: Measured and estimated biomass 
-concentrations during the batch are shown for comparison. -( Reprinted by permission from H. Y. 
Wang, C. L. Cooney, and D. I. C.. Wang, “Computer-Aided Baker's Yeast Fermentations,”’ Biotech. 


Bioeng., vol. 19, p. 69,1977.) 


-in ethanol production around hour 16. The cell density trajectory obtained from 
‘material balancing computer estimates closely tracks the experimentally mea- 


sured information. s4 oe E E 
Such close agreement beiwcen estimated and measured biomass concentra- 
tions was not obtained in other fed-batch experiments in which greater ethanol 


= production occurred. In these cases, the cells consumed ethanol for growth, a 
. reaction not considered in the biomass estimation procedure. These examples 
“illustrate possible pitfalls in such direct material balancing approaches: errors in 
‘process state estimates, once made, tend to propagate, and existence- of: overall 


conversions not in the presumed stoichiometry can throw off the whole scheme: 


10.7 ADVANCED CONTROL STRATEGIES 


`- To conclude our overview of process instrumentation. and control, we shall 


examine some of the strategies. used to maximize product yield in batch reactors 
and to regulate and stabilize continuous reactors. In addition, we shall examine 
briefly some of the interesting scheduling and design problems which arise in-a 


. 704 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


process consisting of a sequence of different batch operations. In all of these | 


cases, application of computers is essential to implement the control or to do the 
calculations necessary to determine the desired control strategy. 


10.7.1 Programmed Batch Bioreaction 


Given a particular organism, maximizing production from batch bioreactions 


requires determination of the environmental conditions during the batch which- 


drive the cells to their best possible performance—or, stated differently —which 


maximize the genetic potential of the organism. There are several different ways $ 


in which this environmental optimization problem can be defined, depending on 
the instrumentation and control provided on the reactor. In the simplest case, 
exemplified by a shake flask in which there is usually no on-line measurement or 
control capability beyond operating temperature, we seek the best temperature 


and initial medium composition. In a bioreactor with only direct environmental © 


controls, we can look for the pH, agitation intensity, and other environmental 
parameters which optimize performance. Here, the environmental variables are 


maintained constant throughout the batch reaction—to the extent feasible for the © 
reactor. (For example, dissolved oxygen level will not be controllable if the cul- _ 


ture oxygen demand exceeds the oxygen transfer capacity of the bioreactor.) 
However, we know in many cases that a constant environment is not optimal 
for many fermentations. For example, secondary metabolites are not actively 
synthesized during rapid growth, but, on the other hand, slow growth is undesir- 
able during the initial stages of a batch fermentation in which cell density is low. 
Accordingly, we should operate the reactor initially under conditions which max- 


imize growth. Later, when cell density is high, we utilize conditions which stimu- -< 


late maximum net product formation. In this production stage of the batch, 
considggation of the rate of product inactivation or decomposition as well as the 
rate of product synthesis is essential. 

In a similar fashion, when manufacturing a protein using a recombinant cell, 
it is usually best to avoid. expression of the product early in the batch because 
this often inhibits cell growth and may accentuate any genetic instability prob- 
lems which exist. By adding an inducer (or depleting an inhibitor of gene expres- 
sion) later in the batch, product formation can be switched on after suitable 
culture growth has occurred. Thus, operating strategies for recombinant batch 
fermentations may closely resemble those for secondary metabolites although the 
biochemical processes involved and their regulation are much different. 

` The activity of a batch culture at any point in time is a function of both the 
environmental state at that time and the previous history of culture environ- 
ments. A particular time sequence of pH, dissolved oxygen level, and other vari- 
ables may be required in order to develop the culture over time in a way that 
provides the greatest productivity. Often this is accomplished empirically. How- 
ever, a sufficiently structured process model makes possible production maximi- 
zation through computer simulation and optimization. In the remainder of this 


“section we shall examine different examples showing the benefits of programmed 
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batch operation. and the methods “used to determine the batch programming 
- Strategy. E a ee Ge be peck oo" an ares a at 


Production of the enzyme -galactosidase by the mold Aspergillus niger in batch culture follows 
the pattern typical of secondary metabolites. A computer-controlled operating strategy for this pro- 
cess described by Lundell [41] is based upon the following guidelines :- ae oer 


Growth phase : pe 
1. Use carbon source feeding to extend the growth phase and increase the cell mass concentration. 
2. Add additional carbon source intermittently as required, as determined by decrease of both the 
CO, evolution rate (CER) and respiratory quotient (RQ) to 20 percent of their maximum values. 
3. Use the pH and temperature which maximizes cell growth. ea l ies 
4. To conserve energy, use the lowest possible air-feed rate and agitator rotation speed, as deter- 
mined by the fermentor system’s oxygen transfer rate capacity and the culture CER and RQ. 


Enzyme formation phase £ l ; 
1. Switch to enzyme formation operating conditions when growth slows (dropping CER and RQ). 
2. Use optimum temperature and pH for enzyme production. - a eg 

_ 3. Adjust agitator rotation and feed air-flow to meet process requirements (enzyme formation phase 

is characterized by lower oxygen requirement and decreased broth viscosity). : 

4. When enzyme formation rate slows, add more enzyme inducer: ` o 

5. Add additional nutrient to extend growth. ; i 

6. Add surfactant, then terminate the batch when enzyme formation rate declines rapidly. 


Table 10.4 summarizes the different types of operating strategies which were examined experi- 
mentally. The continued batch (CB) mode employs nutrient feed during the enzyme formation phase. 
In the fed-batch (FB) mode, extra nutrient feed is provided during the growth phase. The FB/CB 
Strategy combines both of these features. The enzyme production trajectories obtained using the 
conventional batch and continued batch operating actions are illustrated in F ig. 10.24. Performance 
characteristics of all four operating strategies are listed in Table 10.5. Here, careful selection of 
' programmed batch conditions combined with computerized data analysis and control gives a 70 
percent increase in enzyme production and simultaneously a 50 percent reduction in energy use. 
Notice that, although the basic features of the operating sequence are programmed in advance, on- 
line measurements and derived quantities are used to determine the particular points of switching 
from one operating region to another. This is very important in practice because of batch-to-batch 
variations in inocula and media. Koo a Oa 

It has been known for some time that high temperatures (30°C) maximize growth rate of the 
Penicillium mold while lower temperatures (20°C) are more favorable ‘for high rates of. penicillin 
Synthesis. Although operation at a temperature between these extremes (24 to 25°C) has predom- 
inated in past commercial Practice, intentional variation of the temperature during the batch, ie., 
temperature programming, can conceivably give larger pencillin yields than any constant tempera- 
ture. Standard mathematical procedures for obtaining the best’ temperature program have been ap- 
‘plied to this problem (42, 43] with interesting results which are Summarized next.° z 

In order to apply optimal control theory, a mathematical model is necessary. The crosses in Fig. 
10.25 are experimental data from commercial fermentors operated at 25°C. To avoid revelation of 
proprietary-process characteristics, these data were reported only in the nondimensional form shown. 
These plots do not show the lag phase: the first data point is about 50 h into the fermentation. The 
trends in these data suggest the following general forms of growth and product-formation kinetics: ` 


(10.14) 


(1015) 


(oem ete 
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Table 10.4 Summary of different programmed batch operating strategies 
considered for optimization of B-galactosidase production by a strain of Aspergillus 
niger. In each case the total pressure was 130 kPa and the dissolved oxygen level 


was 20% of saturation 

(Reprinted by permission from R. Lundell, “Practical Implementation of Basic Computer Control 
Strategies for Enzyme Production,” `p. 181 in “Computer Applications in Fermentation Technology, 
Society of Chemical Industry, London, 1982.) 


1. Batch (B) fermentations used as scien 
temperature 30°C 


pH . 45- 
stirring speed 200 rpm 
air flow rate 30 m?/h 


2. Continued-batch (CB) fermentations with addition of extra organic nutrient to yield extended 
enzyme formation. 
temperature 30°C 
pH 4.5 
stirring speed 175 rpm/200 rpm/150 rpm 
air flow rate 15 m?/h-30 m3/h-20 m?/h 
addition of extra organic nutrient 


3. Fed-batch (FB) fermentation with addition of extra carbon source to provide extended cell forma- 
tion. 
temperature 35°C/30°C 
pH 4.8/4.5 
stirring speed 175 rpm/250 rpm/200 rpm 
-air flow rate 15 m3/h-30 m3/h-20 m?/h 
- addition of starch and (NH,),HPO, 


4. Fed-batch/continued-batch (FB/CB) fermentations with addition of extra organic nutrient during 
the enzyme formation phase. 
temperature Cree 
pH | ae 8/4.5 
stirring speed 175 rpm/250 rpm/200 rpm 
air flow rate 15 m3/h-30 m3/h-20 m3/h 
“ addition of starch and (NH,),HPO, during the cell formation phase 
addition of extra organic nutrient during the enzyme formation phase 


where x, and x, are the dimensionless cell and pencillin concentrations, respectively. Equation (10.14) 
is the logistic equation familiar from Chap. 7, while (10.15) is of the Luedeking-Piret type, discussed 
before, with the addition of a term reflecting penicillin destruction. The need for this term is indicated 
by the flattening of the penicillin curve in Fig. 10.25 for large times. Also, other data indicate that 
penicillin a in aqueous solution and that the penicillin syne system may also decay with 
time. . 
. Assuming various sets of values for parameters b, through bs nd comparing the computed x, 


aud x, time histories with the data show that the sum-of-squares residual for all data points is 


minimized at T = 25°C when b; = 0, and 
| b, = 13.099 =b,, b, = 0.9426 = by, 
(10.16) 
b, = 4.6598 = bso ba = 4.4555 => bao 


The temperature dependence of these parameters can be estimated by combining these values at 25°C 
with (1) the known optimal temperatures for cell growth rate (30°C) and penicillin synthesis rate 
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. Table 10.5 Summary of the results of different batch fermentation operating 


ee for maximizing production of B-galactosidase by Aspergillus niger 

(Reprinted by permission from R. Lundell, “Practical Implementation of Basic Computer Control 
Strategies for Enzyme Production,” p. 181 in “Computer Applications in Fermentation Technology,” 
Society of Chemical Industry, London, 1982.) l 


Fermentation 
| batch 


(20°C) and (2) expétimental evidence showing Arrhenius dependence of the rate constant for penicil- 
lin decay with an°astivation energy of 12 to 15 kcal/mol. These facts suggest the forms 
b{9) = bing) = i= 1,2 
g(8) = 1.1431 — 0.005(30 — 0)°] 
b3(8) = 1.143b39[1 — 0.005(0 — 20)7] 


| i ' 
ba(0) = bao exp |- oo Corre M Al 


where 0 is temperature in degrees Celsius. 
© Utilizing all the above equations, we can now cast the fermentation model in the general form 


dx{t) . 
Ji = f«x,(), x2(t), K)  i=1,2 (10.18) 


with initial values — i es om a l 
Zor - x,(0) =0.0294 = x,(0) = 0 (10.19) 


The objective of maximizing penicillin yield can now be precisely stated mathematically. Find @ as a 
function of t from t = 0 to the final fermentation time t = T such that x,(T) is maximized. The 


Fermentation | Enzyme | Energy | Energy/ i Enzyme/ 2 
time formed used enzyme time 


ee 
B 5 
Conventional | 72 i 
batch gi 
CB p : 
Continued 15 -> o 207 210 E 
batch é 
FB 
-FB/CB 7 | í 
Fed-batch/ 120 283 240 . 
continued : 
batch S 


(10.17) 
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Figure 10.25 Experimental data for a commercial batch penicillin fermentation at 25°C. ( Reprinted 
by permission from A. Constantinides, J. L. Spencer, and E. L. Gaden, Jr., “Optimization of Batch 
Fermentation Processes. I. Development of Mathematical Models for Batch Penicillin Fermentations,” 


- Biotech. Bioeng., vol. 12, p. 803, 1970.) 


. Maximum Principle [5] asserts that for the optimal temperature Program, which we shall: denote 0", 


it is necessary that the Hamiltonian function H 
3 P m 
H(6) = $ AOSTO, x30), 0] (10.20) 
i=1 í : 


be a maximum for 8 = 6*(t) for all t between 0 and T. The superscript * in Eq. (10.20) denotes values 
obtained using 6*, where the adjoint variables A, satisfy the differential equations 


oo dh KO EO 5) re 
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and the conditions 


A(T)=0 4,(T)=1 | (10.22) 


These necessary conditions and associated theoretical results suggest the following iteration 
algorithm for computing the optimal temperature program: 


1. Let 6™(t) denote the nth guess for the program. 

2. Solve Eqs. (10.14) and (10.15) for x(t), x(t) using 6 = 6. 

3. Using x", x, 6, to evaluate the time-varying coefficients on the right-hand side of Eq. (10.21), 
integrate those equations backward numerically from t = T to t =0 to determine A(t), 1e) 
(this reverse integration is necessary to avoid numerical instabilities often encountered if this 
integration is begun at t = 0). 

4. Compute l 


aH” 2 Bt), x(t), 6" 
79 © = E apo ZETO, M0) J aa o (10.23) 


Determine thé (n + 1)st guess for the optimal program using 


ôH” 


(n+ 1) — n), 
O+ Nt) = Ot) +e 30 


(t) | (10.24) 
where e is a small positive number. 


l Constantinides, Spencer, and Gaden [42, 43] employed this procedure with some adaptations to 
avoid decreasing cell concentrations. The final results are illustrated in Fig. 10.26. Notice that the 


Other models based on different data sets are formulated and optimized in the references men- 
tioned earlier. In those cases, penicillin-yield improvements of about 15 percent result from pro- 
grammed temperature. The temperature variations prescribed by these calculations can be 
approximated closely in commercial practice with little added cost. Consequently, the combined tools 
of mathematical modeling and optimization theory should also find fruitful application for other 
fermentations. 
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10.7.2 Design and Operating Strategies for Batch Plants 


‘An overall manufacturing process consisting of a series of different types of batch 


operations (e.g., substrate pretreatment, sterilization, fermentation, product re- 


_ covery, packaging) poses a hierarchical series of problems from single units to 
overall process-to-process design and scheduling for manufacture of several dif- 


ferent products. These may be summarized as follows (aay. 


Character and optimize sonne of individual process units. 
Optimize the performance in a given sequence of batch process units pro- 
ducing a single product. 
Specify equipment required for manufacture of one or several products 
Determine equipment interconnections to meet product requirements most. 
efficiently. 
Decide the operating strategies to be used in PET several different 
products over a certain time span. 


We have already considered the first of these problems in several contexts. 
To see how consideration of a sequence of batch processes can alter optimum 
design, we shall consider a simple example in which a function f(t) describes the 
fraction of feed raw material converted during operating time t to useful products 
for the next stage. In addition, we assume the time to clean the process unit and 
charge it for the next batch is t,,. The objective function F considered here i is the 
amount of feed converted per unit time which may be written 


Fy = 12 ty a (10.25) 


Differentiating Eq. (10. 25), equating the result to zero and rearranging this condi- 
tion on the optimum cycle time (denoted: e*) gives the relationship . 


f (t*— pa ae e T = ta) l (10.26) 


As sketched in Fig. 10.27, this condition has a simple graphical interpretation: 
the optimum batch cycle time is the point at which a straight line through the 


Origin is tangent to the unit’s performance function f(t — ta). This construction is 
‘shown also for a second batch process with performance function g. 


- Now consider two batch processes in series, the first characterized by f aid 


the second byg. The fraction of raw material converted to desired product in the 
‘serial batch process is f(t — t,,)g(t — ta) which we will call h(t). Here, t4 is the 


restart time for the second unit. Maximizing. feed conversion per. unit time re- 
quires maximization of 


fe yee ty) _ hd) 


t t 


L> max {tata} = don 


ri 
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Figure 10.27 Performance curves and 
determination of optimum cycle times for 
P single-batch units (a, b) and for two batch 

(c) i units in series (c). 


Considering the same calculations as before, we arrive at the same condition for 


tangency, but now in terms of the composite performance function h (Fig. 


10.27c). The following central point is illustrated by the example performance 


curves and graphical constructions in Fig. 10.27: the optimum cycle time for 
‘batch processes in series may be different from the optimum cycle time for any of 


the individual processes treated separately. 

of the optimum cycle times for individual steps in a batch-processing se- 
quence are significantly different, improved overall performance may be possible 
by allowing different cycle times for different units. The simplest case which 
allows different cycle. times is selection of a cycle time for the slowest unit(s) 
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which is an integer multiple (m) of the faster unit(s) cycle times. Then m of the 
slower units must be provided in parallel to keep up with process transitions 
from and to the faster unit(s). 

Maximum flexibility in cycle time selection for bathin processes in series 
is afforded by including intermediate storage in the plant, so that products from 
one batch unit can be stored temporarily before entering the next batch unit in 
the processing sequence. Intermediate storage can also provide other useful func- 


tions in batch processing [45]. Just as storage or surge tanks in continuous ` 
_ processes can absorb transients, intermediate storage in batch processes helps to 
-damp disturbances created by equipment failures, by fluctuations in unit start-up 


time, and by batch-to-batch variation in operating performance as is common, 
for example, in batch fermentation: Also, intermediate storage serves to moderate 
upsets which may arise in switchover from one product to another. -> 

Several requirements must be kept in mind when intermediate storage. is 
considered. First, enough units of each type must be provided in parallel so that 
the time-average processing capacity is equal for all steps.in the overall process. 
Second, the stability of the raw materials and products under storage conditions 
must be considered. Intermediate storage is impractical for unstable materials. 


Finally, requirements for: batch integrity may preempt any economic advantages. 


for certain batch-process operating strategies. Batch integrity means that the 
material from one batch is processed separately from any other batch’s material 
—with no intermixing at any point. In this way, a certain lot of product can be 
identified uniquely with a corresponding batch of production. This requirement 
is common in the pharmaceutical industry. Intermediate storage may still be 
desirable to address cycle time imbalances or to improve damping functions even 
when batch integrity must be maintained. 

Many fascinating design and optimization problems and opportunities arise 


_ in consideration of equipment specification and in design and operation of multi- 


product plants. Recent research on these and other aspects of batch (or semicon- 
tinuous) process design are TOENE in the chapter references. 


10.7.3 Continuous Process Control 


Different types of control problems and opportunities for use of advanced con- 
trol strategies arise for continuous processes. Here, the system is usually designed 
for operation at some steady-state condition. One control objective in this case is 


.. Minimizing start-up time or some function of start-up costs. This is essentially a 
b, batch-optimization problem of.a somewhat different type from those just con- 
< sidered—now the goal is to move the system from its initial state to the desired 

“Operating point or some neighborhood of that point in order to minimize some 


objective function. Given a good process model, this problem can be solved. by 


- methods related closely to that described above for batch: ‘temperature program- 
i ming for penicillin production. - : 


After start-up, the usual control E is keent the process at the 


= desired. steady state. This can often be accomplished using: several separatė, 
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single-loop controllers of the kind discussed in Sec. 10.6, and indeed this is cur- ; 


rent standard practice in biochemical processing. However, experience in system Í 


and process control in other contexts has shown that undesirable interactions . 
often occur between different control loops. That is, when manipulating one 
process input to try to drive one process variable back toward its set-point value, 
other process variables are disturbed. Generally, many process variables are | 
coupled with each other and with several process inputs, causing individual con- -$ 
trol loops to interact. a F 
Several different approaches have been developed for dealing with control a | 
interactions. Most of these we must leave to the chapter references, but one, ` 
optimal multivariable control, will be considered briefly here. E 


First, we recall that a process system described by 


de(t) l : 
zy 7 fle, d(t)] na . (10.28) 2 : 


where c is the vector of process state variables and d is a vector of process inputs, can be approxi- È ; 


mated near a steady-state operating point (c,, d,) satisfying 


f(c,, d) = 0 a (10.29) f 
by the linearized differential equation of 
ax(t) 


a Ax(t) + Bv(t) (10.30) ` | 


where % and v are the state and input deviations, respectively (see Sec. 9.2): 


x(t) = eft) — c, (10.31) 
v(t) = d(t) — d, (10.32) 


We base the multivariable control design on the local, linearized approximation of Eq. (10.30). 


To formulate a mathematical optimization problem compatible with the goal of keeping e(t) a 


near ¢,, or x(t) near zero, we shall seek to minimize the scalar objective function 


J=} | "kO + v7(t)Rv(t)] dt | (10.33) < 
0 


where C and R are positive definite matrices. The first term in the integrand in Eq. (10.33) has clear- 
physical significance: this is the measure in some sense of the amount of deviation of the state from 
the set-point vector ¢,, and the integral adds together all of the instantaneous values of this measure 
of off-spec operation. How C is chosen is up to the control designer, who may wish to weight some 


variable deviations more than others based on the requirements or economics of that particular — 


process. The simplest choice of C is the identity matrix, which makes the first term in the integrand 
imply the sum of the squares of all the state variable deviations. _- cane ok 
The term v”Rv in the objective function is sometimes called the cost of control, but this interpre- 


: tion usually does not make physical sense in the context of chemical process control. This term 


serves an essential mathematical and practical function: without it, the optimal control would be 
unbounded and thereby physically impossible. It is more useful: to think of R as a matrix which scales 
‘the magnitude ‘of the control action, with larger values’of the norm of R corresponding to smaller 
deviations of the process inputs from their nominal values under steady-state design conditions. 
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`ur- Applying the Maximum Principle introduced in Sec. 10.7.1, we can show that the control which 
tem i minimizes J in Eq. (10.33) subject to the state and control interactions described by Eq. n 30) (often 
ns l ‘called the linear-quadratic optimal control problem) is given by. 
one | s t) = -R` 'BTM{(¢) a . (10.34) 
lue, $ . i = £ = 
are f where the time-invariant matrix M satisfies the following nonlinear algebraic equation: 
on- $ l 8 . 

MA + A™M + C — MBR- 'B'M = 0 (10.35) 
a This is an Gesti result, since Eq. (10. 34) has the form of a multivariable, feedback contre: Thus, 

> 


current control values are given explicitly in terms of the current values of the state variables. 

If the state variable cannot be measured directly, we may be able to estimate these values based 

on one of the data analysis methods described earlier. Kalman filter methods are especially suitable 
here since filter calculations are formulated in a mathematical framework very similar to that used in 
calculating the optimal multivariable feedback control. Comparisons of controller performance with 
direct state measurements and results based on Kalman filter estimates for a simulated fermentation 
).28) f process are described in Ref. 46. . 
Fan, Erickson and coworkers [47] studied using mathematical models the response of a single 
“one biological CSTR in which cell growth was described by Monod kinetics with maintenance. An opti- 
mal controller of the design just described was used to manipulate flow rate through the vessel based 
upon measurements of effluent substrate and cell mass concentrations. The control design matrices Q 
29) É and R were taken as 


; qu O K j . 
; Q= (6 ; ya R = ł (scalar) (10.36) 
1.30) E l i! 


reece 


With R fixed, increasing one or both nonzero components of Q has the effect of i increasing the 
amount of control action. 
Shown in Fig. 10.28 are the variations in volumetric flow rate (the manipulated input or control 
).31) - ` variable) and corresponding trajectories in dimensionless effluent cell density and substrate concen- 
).32) o tration following a 12.5 percent step increase in feed concentration from dimensionless time. zero to 
dimensionless time = 2. The parameters on these trajectories correspond to different magnitudes of 
F © qı With q2, fixed at 1000. Notice that as q,, increases, the control variable changes more, the 
e(t) q _. deviations in dimensionless effluent. substrate concentration (y,) decrease, while larger fluctuations 
are obtained in dimensionless biomass concentration (y2). Keeping q,, fixed and i increasing q.3 gives 
different control action during the disturbance which reduces yz deviations and gives greater y, 
deviations for increasing control action. This shows the ability to tune the controller response and ~ 
effects according to the process requirements. _ 


a ar 


).33) 

lear _., .Another possible goal of continuous process control is stabilizing a steady 
rom Ẹ ~ State that is unstable in the absence of control. Two examples can be cited from 
sure the recent research literature. Growth in a CSTR of methanol-utilizing organisms 
ome which exhibit substrate-inhibited kinetics admits, according to reactor models, 
= three steady states for some operating conditions. DiBiasio, Lim and Weigand 
S |  [48, 49] showed theoretically and experimentally that- stable operation at the 
pre- [| — intermediate, unstable: steady state could be obtained by use of ‘proportional 
em Ẹ control. The measured process output was culture turbidity and the manipulated 
ibe variable was substrate feed rate. 

pa E Although operation at a desired steady state is usually considered: the ideal 


for continuous reactor operation, a number of computational and experimental 
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Figure 10.28 Simulation results showing application of an optimum linear-quadratic control to a 
microbial CSTR. The parameter on the different trajectories is 411, and the dashed lines denote the 
reference steady-state values of dimensionless substrate concentration (=y, =s/s ss) and dimension- 
less biomass concentration (=y: =x/ YxssSfs). 422 = 1000 throughout. (Reprinted by permission from 
L. T. Fan, P. S. Shah, N. C. Pereira, and L. E. Erickson, “Dynamic Analysis and Optimal Feedback 
Control Synthesis Applied to Biological Waste Treatment,” Water Research, vol. 7, p. 1609, 1973.) 


studies indicate that, in some cases, improved reactor performance can be ob- 
tained in dynamic operation which is forced by time variations in feed or operat- 
ing cönditions [50]. Periodic operation, in which such forcing involves periodic 
functions of time and the reactor variables eventually become periodic also, is the 
most widely considered dynamic operating mode. The basic concept underlying 
the possibility of improved reactor operation by intentional transient operation is 
quite simple. In transient operation, medium and cellular compositions and reac- 
tion rates can achieve different interrelationships than any of those possible in 
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steady-state operation, where steady-state stoichiometric constraints limit the 
available mixture compositions. Intentional periodic fluctuations in. bioreactor 
operation have been shown, for example, to increase cytochrome production by . 
Candida utilis, biophotolytic hydrogen yield by Anabaena eyinarica, and ‘to 
modify macromolecular composition of E. coli [51]. 

: As we will explore further in Chap. 13, growth of two different T 
a competing for a common limiting substrate usually leads to washout of one 
a species. However, Hatch, Cadman and Wilder [52] have shown in simulation 
studies that a stable steady state with both species coexisting can be maintained 
using a proportional control algorithm in which substrate feed rate and overall 
dilution rate are both manipulated in response to measurements of the cell 
densities of the two species. Further, they demonstrated experimentally the feasi- 
bility of rapidly monitoring the cell concentrations of both Candida utilis and 
Corynebacterium glutamicum using flow cytometer light-scattering measurements. 


10.8 CONCLUDING REMARKS 


Control of a biotechnological process, whether by human or computer, requires 
good information on process operating state. This in turn depends upon analyti- 
cal instrumentation and rigorous, systematic analysis and interpretation of pro- 
cess data. Major advances should occur in coming years as more powerful 
; analytical tools from chemistry, biochemistry, and cell biology are adapted and 
E improved for process applications. Model-based data analysis methods will pro- 
gress beyond applications of elementary stoichiometry to on-line parameter up- 
dating and more detailed metabolic state estimates based on robust, structured 

models. 
Several major concepts and topics connected with process control which 
were not discussed above should be mentioned before turning to our next topic, 
to a i separation processes. On a local level, we wish to conduct the process according 
g tò some design or operating specification. That specification arises in turn from a 
higher level optimization or control problem in which the goal is maximization 
hack q in some sense, often profit, of the contribution of that process to the overall 
) | plant, thence the parent corporation, and finally to the society. The objective 
| functions and the constraints which the process engineer considers are derived 

from a hierarchy of objectives and rules at larger levels of operation. . 


ob- i. Often reliability and safety are important components of the objective func- 
srat- - 7 tion or the operating constraints. How should the process be controlled to maxi- 
odic | mize product uniformity, to minimize the chances of losing a batch, and to 
3 the . minimize the probability of worker exposure to potentially unhealthful condi- 
ying tions? In practice, these objectives may be much more important than a few 
on is © percent more or less in product yield or deviation from set point. Control engi- 
reac- neers have begun to explore these questions, and we can expect more advances in 


le in these areas and in their significance in bioprocess control design in the future. 


i 
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PROBLEMS 


10. 1 On-line sensors Define and give, in one sentence, the opening principle of the following. 

(a) Thermistor, thermocouple, diaphragm gauge, Hall effect wattmeter, torsion dynamometer, 
strain gauge, gas rotameter, thermal mass flowmeter, capacitance probe. 

(b) pH electrode, galvanic and polarographic types of dissolved oxygen probe, Poo: electrochem- 
ical probe, immobilized enzyme electrode. 

(c) Mass spectrometer, gas chromatograph, paramagnetic O, analyzer, 

(d) Spectrometer, nephelometer, in situ fluorometry. . 


10.2 Computer and control functions Define (a) A/D converter, multiplexer, D/A converter, (b) hard- 
ware, software, (c) Process, sensor, monitor, controller, final control element. 


10.3 State and parameter estimation (a) Discuss measured vs estimated variables. (b) What hardware — 


and/or software system is needed for state estimation? 
10.4 Process control and Laplace transforms The Laplace transform has properties very convenient 


for evaluation of linear, or linearized, control systems. The definition of the transform of any function ` 


of time, f(t) is F(s) where 
F(s) = [jtocta 
0 


which is often abbreviated as F(s) = L{ f(t)}. 
(a) Establish the properties of transforms of a derivative and integral: 


L{dfldt} =sF(s) if f(t = 0) =0 


a f i S@ ar} = F(s)/s 
0 


(b) Show that the Laplace transform of the controller output deviation o(t) — o, (Eq. 10.10) is 
| E(s) 
te O(s) = K, fo + E + TpE(s) 
I ] 


and thus that the transfer function, o or ratio of output (correction) to input (error) transforms, is given 


in the s-domain by 
O(s) . KA 1 1 
Ha EN er tps Gs) 


10.5 pH control The kinetics of product formation during the batch lactic acid fermentation was 
described by Luedeking and Piret as Eq. (7.93) 


_ (a) Suppose: x(t) is described, under approximately constant pH, by the logistic equation 


dx/dt = ux(ł = X/Xmax) 


Obtain a solution for p(t) assuming that p0) = 


—. a m a 


— ou a A s 
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(b) Lactic acid (pK, = 3.88) causes a pH shift if the fermentation is uncontrolled. ‘Suppose we 
wish to control the pH at 6.5 (i.e., the desired “set-point” X Derive exDEessions for the error in | an 
uncontrolled process . i : 


er, +. 3 
a= PH(e) -6.5  - 


What time program for addition of a small stream of concentrated base will keep the error in pH no 
; larger than 0.1 (= pH — pHo)? l 
-E (c) Derive an expressipn for the output: O(t) ofa PID controller aeng Eq; ao. 10) and the error 
rd- ; e(t) of the uncontrolled process. . 
(d) Consider a proportional-only controller (Eq. 10.10 with tp = 0 and t; = œ). The bas 
error allowable (pH — pHo = 0.1) must generate a base addition rate mg which just matches the 


ire 
maximum product generation rate V, R(4P/dt)nax. Expressing the output O(t) as equal to the base 

cag addition rate mg, what proportional gain K, is needed for satisfactory control? 

ie (e) For the simple block diagram shown in Fig. 10P5.1 derive an expression for pH(s) for the 


controlled process. Neglect the volume change caused by addition of concentrated base, m,. Assume 
that pH,, = pH, i.e., that the pH probe is both instantaneous and accurate. (For information on block 
diagram representations, see any process control text such as D. R. Coughanowr and L. B. Koppel, 
Process Systems Analysis and Control, McGraw-Hill, New York, 1965.) 


a ~. elt) = 
d Fermentor 


pH m 


Fig. 10P5.1 


10.6 Time lag in transient conditions In the. presence of transients, the introduction of a time delay 
i constant (= 1/y) for the response of the instantaneous specific growth constant u(t) to the changed 
en i substrate level has.been proposed (T. B. Young, D. F. Bruley, and H. R. Bungay, “A. Dynamic 
: : - Mathematical Model of the Chemostat,” Biotect. Bioeng., 12: 747, 1710); The movement of u(t) 
a toward the steady-state value pg is ake by 


HmaxS du Ug ph 


K, +s dt y 


Ho = 


vas 


(a) If s is a function of time s(t), show that the solution is given by 


| O)entiy q Umax re Ense’) dt’ 


(b) Suppose s(t) = So(1 + a cos wt), x < 1, and K, > s(t’). Obtain the explicit solution for p(t) 
above, plot the ratio ()/u,., VS- t for x= 0.5, y= 1, and w = 0.1y, 1.0), and 10y. Explain the 
differences between these curves. For what sorts of transients ought the time constant y be included? 

(c) If growth r, = axs, write down the equations needed to describe the behavior of a CSTR if 
Sp = Sro(1 + cos wt). P 
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10.7 Aerated chemostat monitoring When growing aerobic organisms in a chemostat, compressed air 
is passed through the fermentor at typically one volume of air per volume of liquid per minute 
(VVM). Compressed air is quite dry on entering the fermentor but saturated with water on leaving. 

_As a consequence, the liquid flow rate in and out will be different. 

_ How will this affect the interpretation of analytical data obtained by measurement on the 
fermentor effluent? If the fermentor volume is 10 liters, and the dilution rate is 0.1 h~', what will be 
the actual product concentration, corrected for evaporation, in the following system: 

. Sọ = 50 g glucose/liter 
K, = 10 mg glucose/liter 
mar = 0-7 h7! 
Yxjg = 0.5 g cell/g glucose 
m = 0.02 g glucose/g cell-h 
Yos = 0.5 
q, = 0.2 g product/g cell-h 


T= 60°C 


The vapor pressure of water at 60°C is 150 mmHg. Assume that Monod model is valid. Also you may 
assume that the concentration of CO, in the air is negligible and that the respiratory quotient for this 
fermentation is unity. 

10.8 Feedforward control A batch fermentation is operated such that microbial growth is given by 


“until a critical nutrient S is exhausted at (x — x9) = Yso. The aerobic. process has stoichiometric 
requirements for oxygen for biomass growth and for product formation, reflected in Yxjo, and Ypjo,- 
l (a) If product formation is nongrowth associated, so that dp/dt = Bx, derive expressions for the 
instantaneous oxygen demand, Qo,, and for the specific oxygen demand (based on cell concentration), 

-Qo,/x. At what condition do each of these have maximum values? 

(b) Derive an expression for the K,a design value needed to meet the peak demand. 

(c) If K, ~ constant and a varies as the gas inlet flow rate to the 3/4 power, how must F, (inlet) 
be programmed to just achieve the necessary aeration rate with a minimum total gas utilization. 
Derive an expression for the ratio of air volume delivered, as cell mass grows from Xo tO Xmax, divided 
by the volume delivered if F, were held at the maximum value throughout this time. 

(d) Feedforward control is often easier to implement than feedback control, but since the former 
involves no continued sensing of the process, it runs “blind.” Discuss the consequences of having the 
programmed airflow meter for part (c) miscalibrated so that it consistently delivers (i) 10% below or 
(ii) 50% above the desired program rate. What modifications in the control system do you propose to 

„address this potential problem? . 

10.9 State estimation via on-line mass balancing (a) Consider the rapid growth of cells during which 
the.CO; production rate (CPR) is proportional to the biomass “growth rate. Derive expressions for 
estimates of x and p (i) if CPR is measured continuously and (ii) if CPR is measured at discrete 
intervals of length At. 
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(b) At low cell growth rates, corresponding to. penicillin production, the simple GO;: propor: 


system is given by. 


Substrate + penicillin precursor + seed biomass ->' - ; “ os 
unconverted substrate + unconverted precursor + fermenter biomass `°: 


+ soluble unidentified products + penicillin + CO, 


If only substrate, precursor, CO,, and penicillin provide appreciable carbon in addition to the bio- 
mass, express the biomass concentration through a carbon balance, in terms of measurable substrate, 
precursor, penicillin and CO, level, letting y; = fraction carbon in ith species. Ignore the volume 
change of fermentation fluid with time. 

(c) Suppose that penicillin is not directly measurable, but that it does not contribute impor- 
tantly to the carbon balance. If penicillin accumulation is assumed to have the kinetics given earlier, 
such that 


derive an expression from which you could estimate p concentration in terms of discrete measure- 
ments of substrate, precursor, and CO, levels. (see D.-G. Mou and C. L. Cooney, Biotech. Bioeng., 25, 
225, 257, 1983, for a detailed example of on-line balancing for penicillin production). 

10.10 Automatic supplementation of minerals in fed-batch culture In situ probes for NH; or volatile 
carbon substrate (e.g., ethanol) allow direct feedback control of feed addition rate of nitrogen or 
carbon. Many minerals necessary for growth and viability cannot be measured on-line. Full mineral 
addition at t = 0 would often be inhibitory to the inoculum. Accordingly, fed-batch programmed 
addition of minerals can be accomplished by use of stoichiometric relations between the measurable 
and nonmeasurable in situ levels. ct ae 

Consider a simple balance of the following type: 


a(NH,) + (carbon source) + (mineral source) — biomass 


(a) For three feed reservoirs at concentrations no, Co, and m, of nitrogen, carbon, and mineral, 
respectively, what ratio of volumetric feed rates will be stoichiometrically balanced for biomass pro- 


duction? How many different sensors are needed to set all feed tates? 


(b) If both biomass and a product (C;NO3H,9) are produced, derive an expression for the 
proper volumetric mineral solution rate, F„(t), in terms of the feedback-controlled rates of nitrogen 
and carbon solutions, F,(t) and F(t). How many different sensors are now needed? (See T. Suzuki et 
al. “Automatic supplementation of Minerals in Fed-Batch Culture to High Biomass Concentrations,” 
Biotech. Bioeng., 27: 192, 1985.) ye eee - i j 
10.11 Enzyme assay for growth monitoring Studies on the microbial utilization of cellulose are diffi- 
cult because of the water insolubility of the substrate. You are asked to examine the production of the 
enzyme glucose oxidase by a cellulolytic bacterium growing on cellulose. Glucose oxidase catalyses 
the reaction: l . By = 8 


Glucose + 0O, > ô-gluconolactone + H 20, - 


Kinetics of this reaction may be measured with an enzyme-linked colorimetric assay or with a mano- 
metric apparatus (e.g. Warburg respirometer). You know that the organism of interest contains about 


one unit of glucose oxidase activity per gram of cell protein (1 unit = 1 umole of glucose consumed/ 


minute). The cellulase activity in this bacterium is associated with the cell wall, thus direct contact 


between the organism and substrate is required for growth. 
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(a) Design an experiment to study the kinetics of growth and glucose oxidase production by the 
bacterium growing on cellulose powder (particles are 100 um in diameter). These studies should 
include both the exponential and stationary phases. In particular, you should describe: (1) the type of . 


apparatus you would use, (2) the specific type of assays, and od the amount of cellulose and nitrogen F 


source [((NH,), SO, ] to be added to the medium. 
(b) How long would you expect the experiment to take and Whai would you expect the growth 
and enzyme specific activity curve to look like? You may assume that: 


Ygs =0.5  Yyy=10. 

Yxo= 1.0 

Area of bacteria x 5 x 107 §cm?/cell 
Weight of bacteria ~ 10°? g/cell 
Desired final cell Gone: = 10 g/L 
Max © 0-2h7! 


cells are 60% protein 
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Fermentation broths are complex aqueous mixtures of cells, soluble extracellular 
products, intracellular products, and unconverted substrate or unconvertible 
components therein. Characteristically, a bioprocess includes, centrally, both the 
bioreactor and a subsequent product recovery section. The particular separation 
techniques useful for any given bioprocess depend not only on the location of the 
product (intracellular vs. extracellular) and size, charge, and solubility of the 
product but also on the size of the process itself and the product value. For 
example, various forms of chromatography are usefully applied to purification of 
high value pharmaceuticals or biologicals such as hormones, antibodies, and 
enzymes, but are both expensive and difficult to scale up beyond laboratory size. 

The present chapter on ‘separations pertinent to bioprocess operations is 
‘Structured in the following sequence. We first examine individual recovery meth- 
ods useful in whole or in part for recovery of microbial (or plant or animal) 
products. Next, we illustrate how these processes are arranged in series to pro- 
duce the quality of separation needed for a given product (e.g., from filtered yeast 
cells, to crude enzyme extracts, to pyrogen-free insulin from recombinant E. coli). 
We also take note of the appreciable cost of many separation operations and 
reflect upon interactions between choice of bioreaction process and consequent 
required product recovery; for example it is often desirable from the viewpoint of 
product recovery to choose a strain which produces an extracellular, rather than 
intracellular, product. Also, impurities or residues in various possible substrates 
may affect overall process costs more in the separation section than in the 
fermentation itself. The processes and principles for product recovery apply to 
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effluents from enzyme and cell culture systems, as well as the prototype process 
most often considered, a microbial fermentation process. 

The ultimate challenge is to select the best combination of substrates: enzyme 
or organism, bioreactor, and separation for a given product. A common basis, 
the economics of bioprocess design, is the mechanism by which this choice is 
achieved and is considered in the next chapter. 

Each separation needed depends on initial broth characteristics (viscosity, 
product concentration, impurities, undesired particulates, etc.) and final product 
concentration and form needed (crystallized product, concentrated liquid, crude 
solution, dried powder). For example, a crude product may be obtained as a 
dried residue of the fermentation broth. The operations sequence through which a 
bioreactor broth must pass for a highly purified product is typically as follows: 


1. Removal of particulates (insolubles). Common operations here are filtration, 
centrifugation, and/or settling/sedimentation/decanting. 

2. Primary isolation. Solvent extraction, sorption, precipitation, and ultrafiltra- 
tion are best known. The latter offers filtration which discriminates at -the 
level of molecular size. During primary isolation, desired product concentra- 
tion increases considerably, and substances of widely ailening polarities are 
separated from the product. 

3. Purification. These operations often select for impurity removal as well as 
further product concentration. Approaches include fractional precipitation, 


r 

‘ many kinds of chromatography, and adsorption. 

3 _ 4. Final product isolation. The last step(s) must provide the desired product i ina 
i ~ form suitable for final formulation and blending, or for direct shipping. Pro- 
É cesses here include centrifugation and subsequent drying of a. crystallized 
Pa product, drum or spray drying, freeze drying (lyophilization), or organic sol- 
. vent removal. 

of A characteristic processing profile for pharmaceuticals via bioprocessing is 
id given in Table 11.1, which indicates. both concentration and relative. purity (%) 
e. 

à Table 11.1 Typical processing profilet 

ul) Product 

0- : ——— 

st Step Concentration, g/L Quality, % 

bs 3 n r 

i). Harvest broth 0.1-5 -01-10 

ad Filtration 0.1-5 04-20 

nt Primary isolation 5.0-10 . 1.0-10 

of Purification - 50-200 50-80 

an Boe _ 90-100: 

tes t After P. Belter, “General Procedures for Isolation of 

he Fermentation Products.” p. 403 in Microbial Technology. 

to 2d ed., col. 2, H. J. Peppler and D. Perlman, eds., Academic 


Press, 1979. 
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Figure 11.1 Process föwsheet for antibiotic recovery. ( Reprinted with permission from S. C. Beesch 


and G. M. Stull, “ Fesgnentation,” Ind. Eng. Chem., vol. 49, P. 1491, 1957. Copyright by the American 
Chemical Society.) ~ 


through the product Tecovery process consisting of solids removal, primary isola- 
tion, purification, and final isolation (crystallization) steps. 

An example of an overall Separation system is shown in Figure 11.1. Here, 
fifteeri different separation techniques, plus a fermentation broth pretreatment 
tank, are used to produce both a. crude and a highly purified antibiotic product, 
the former as a spray or continuously dried crude solid, and the latter as a 
crystalline, essentially pure material. 


11.1 RECOVERY OF PARTICULATES: 
CELLS AND SOLID PARTICLES 


Particles, from cellular to molecular, may be separated from a solution based on 
their differences in key physical-chemical Properties such as size, density, sol- 
ubility and diffusivity. Figure 11.2, which summarizes applicable methods based 
on these characteristics vs. Particle size, indicates that size and density are the 
features allowing separation of cell-sized (0.3 to 10 um) particles by filtrations, 


A 
3 f F 


-PuvH ABojouyoarorg pun joonuayoorg ‘puniany ‘J puv uosunpy ‘g 4aufy ): 'ƏZIS aponsed “sa uoneiedas ae $1019} Axewid T n əm 


T -93uel : Jue we a8uel ` e a5, ts Jue Pa i ' 
E e am >< Jenou e J1UO | 
asse07 oul a -a 


UOIOI] -OIV 
oo 0I z-Ol _ ¢-OT° Ol | sOl 9-01 ’ 1-01 (ww) sanaw 
0l _ z0 Ol Ol + 10] 2-01 |) E ,-Ol (wn) suoni 
901 <O1 „Ol A 01 or OL 1-01 (wu) suos 
SOL 901 s-Ol à: > 0I Ol 201 Ol. Cy) BUCH EeUY 


uonegejuawpas Aparo ——_____5 
<—— saup pmb —> 
S o —_________, 


Áusuəq - 
—_—— sasnjiquaoesy| N> 


<o əlqqnq pue wog ——_________, Ayanoe ejing 


< uonenxa yuaajog ———___ Aypiqnjos 
<— woresU20U0D ‘9Z991/UONeT[NSIG ——> oinssaid 
amzerda; Jodeg 
A KS w — a31eyo 
DUO] 
<_< sisájerpon g ——> : 
seda — AWAISNyJIG 
- , <——-SISOWSO ISIMI Y —> 
POE Aydeigojewosys jag ——— 
<SJaUIENS pue susai0g> << uoey yey] —————___> ong 
<— S191] 1994 pue WO —> <1 spn ———_> l 


uonesedəs Sunoayye 
10g; Alewtig 


= ' 
OUVOTVSPTUIOOTES COUR STOLL bP = r at 


(‘S66 `d ‘E961 ‘puvjbug ‘4ang “ PIT 19nd uoypuon yy ‘yooq — 


729 


. 73 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


- centrifugation, and/or settling. Sedimentation is settling in a simple gravitational 
field, whereas centrifugation requires production of enhanced settling velocities 
by centrifugal forces. 

Bioprocess broths have characteristics which may render solid-liquid separa- 
tion (and subsequent) processes difficult. These often include high viscosities, 
gelatinous broth materials, compressible filter cakes, particles with small density 
difference compared with water, high degree of initial dispersion, and diluteness 
of particulate suspension. In batch bioreactions, these characteristics change in 
time. Continuous processes also produce broths of variable character depending 
on flow rate and operating conditions: the successful continuous. sedimentation 
of cells in domestic waste treatment will be considered in Chap. 14. 

Broth pretreatments designed to increase ease of a subsequent cell separation 
may include aging (cells tend to clump together in later stationary phase), heat 
treatment, pH treatments, and/or addition of chemicals which aid cell floccula- 
tion (polyelectrolytes, calcium chloride, colloidal clay). The evident cost of this 
additional treatment is balanced by improvements in sedimentation or filtration 
rate, which may be spectacular: factors of ten are common, factors of 100-200 
have occasionally been reported. 

Selection of settler, filter, or centrifuge type depends upon both starting broth 
and final desired cell density: 


Settling is used in large-scale waste treatment processes, as well as the traditional 
fermentation industry (why is good champagne finished in a nearly inverted 
bottle?). The resultant flocculent material may have several percent solids. 

Centrifugation produces a cell-concentrated stream, often referred to as a cream 
because of its solids content (~ 15% w/v) yet appreciably fluid behavior. 

Filtration produces yet more concentrated (dewatered) cell sludges (20-35 % w/v) 
or cell-solids (> 40% w/v). In some instances, the accumulating biomass filter 
cake has a modest permeability, allowing straightforward filtration. How- 
ever, the cell biomass may often provide the major filtration resistance; use 
of a filter precoat diminishes this problem. 


11. 1. 1 F iltration 


Small fermentation batches can be handled in a plate-and-frame filter, which 
gradually accumulates biomass, then is opened and cleared of filter cake. Larger 
processes rely on continuous filters. One.of these is the rotary vacuum filter 
which in some cases requires precoat. The type of continuous rotary vacuum 
filter schematically illustrated in Fig. 11.3 uses strings to lift off the rotating filter 
cake (a layer of concentrated solids) which has accumulated on the drum. While 
string discharge is satisfactory for removing Penicillium mycelia, Streptomyces 
mycelia are more difficult to process and require precoat of the filter cloth with 
filter aid, e.g., diatomaceous earth, and cake removai with a knife-blade to scrape 
the cake from the rotating drum. 
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Figure 11.3 Schematic diagram of a 
“string filter in operation. (Courtesy of 
Ametek, Inc.) Pes, Mee. 


\ Level of material 
to be.filtered - 


Filtering characteristics of the solid-liquid slurry are often described in terms 
of the elementary theory of filtration. Assuming laminar flow of filtrate liquid 
through the cake, we may write - ee Sm,” ARs 


1 dV; — _ AP (11.1) 
A dt plaW/A)+try- 2 og 
where A = area of filtering surface 
V, = volume of filtrate collected 
t = time ee 
Ap = pressure drop across filter 
He = filtrate viscosity 
& = average specific cake resistance ` 
_W= mass of accumulated dry cake solids = [pw/(1 — mw)]V,, where p is 
filtrate density, w is the mass fraction of solids in the slurry, and m is 
the ratio of wet-cake to dry-cake mass 70 000 70 
r = resistance coefficient of filter medium 


Pressure drop across the filter is constant for the rotary vacuum filters commonly 
used in the fermentation industry. If we assume that the cake is incompressible, « 
is constant and Eq. (11.1) can be integrated to obtain. _ ee See 
ee ae (11.2) 
VJA  2Ap(1—mw)'A Ap. = 

indicating that t/V, is a linear function of V, under the conditions assumed. 
Figure 11.4a shows a plot of t/V, against V, for a Streptomyces griseus fér- 
mentation broth filtered at various’ pH- valués using a cotton’ cloth, ‘diatoma- 
ceous-earth filter aid,.and.a Ap of. 28.4 1b/in’.-Two important features ‘are’ 
revealed by this data: (i) the cake is not incompressible since the data for each” 
pH do not fall on a straight line. Generally cells and other organic material from - 
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No 
eee 


A s/cm3 X 100 


Relative values of 
specific resistance of cake 


120 
Holding time, min at 100°C 


Pretreatment of S. griseus broth changes the specific resistance of the resulting cake. [Reprinted from 3 
S. Shirato and S. Esumi, “Filtration of a Culture Broth of Streptomyces griseus,” J. Ferment. Tech. : 
(Japan). vol. 41, p. 87, 1963.] 


fermentations form compressible cakes. (ii) The data in Fig. 11.4 show a strong 4 
dependence of filtering properties on broth pretreatment and filtration condi- 
tions. Clearly the pH during filtration has a major influence on filtration rates, 
Figure 11.46 reveals that broth preheating can substantially lower the specific 
cake resistance, presumably by coagulating mycelial protein. 

Cell recycle is receiving increasing emphasis in order to increase reactor 
volumetric productivity (recall Chap. 9, Sec. 9.1.3). In large-scale aerobic domestic 

waste treatment (Chap. 14), the flocculent multi-population biomass is con- 
veniently settled and recycled as a settled cell sludge. For small processes involv- 
ing nonflocculent organisms, a cross-flow filtration is possible. Here continuous 
fluid motion parallel to the filter surface continuously removes the accumulating 
cell mass, thereby allowing a nearly steady filtrate flow [vs. the time dependent 
behavior of a batch system, Eq. (11.2)]. The transmembrane flux of filtrate de- 
pends both on the applied transmembrane pressure Ap, and the steady resistance 
of the cellular layer, a( W/A). Accordingly, Eq. (1 1.1) is appropriate for cross-flow 
filtration where now the Steady-state filter cake weight W and specific resistance a 
are functions of the operating fluid cross-flow (or tangential-flow) rate. 

The cake composition may differ in conventional vs. cross-flow filtration, 
especially if the feed contains a variety of particles besides cells. Cell concentra- 
tion factors of more than one order of magnitude are achievable; values reported 
for cross-flow with a 100,000 molecular‘ weight cutoff membrane are 15-50 for 
harvesting of E. coli, mycoplasma (for veterinary vaccines), and influenza virus 
(whole virus vaccine). When a batch volume of celis is to be cross-flow filtered, 
the cell concentration in the continuously recycled cell stream builds up in time; 


ing 
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an analysis of this circumstance requires inclusion of an increasing feed concen- 
tration with time. 

As. with high-speed centrifugation, some prchitering may be required prior to 
cross-flow filtration. For example, in antibiotic fermentations using soy grits and 
calcium carbonate, incomplete utilization of these nutrient. components leaves 
particulates which are best removed by a coarse screen or filter Enon. to cross- 
flow filtration. i 

Where an extracellular product is extractable directly from a “bioreactor 
broth by an immiscible solvent phase, the processes of cell elimination and prod- 


‘uct separation from the broth may be accomplished in a single operation. This 


combined function processing is considered i in a later section. 


11.1.2 Centrifugation 


Centrifugation may be used to remove cells from fermentation broths; yeasts, for 
example, are sometimes harvested in this fashion. A schematic diagram of one 
type of continuous centrifuge is given in Fig. 11.5. For dilute suspensions, each 
cell may be treated as a single particle in an infinite fluid. In this case the analysis 
of Example 1.1 applies. Such an approach is not valid for concentrated slurries, 
in which a given particle’s motion is influenced by neighboring particles. 
Correlations of particle velocity u, in such hindered-settling situations with 
the single-particle velocity u, and the volume fraction of particles £, have been 
developed: Possessing the general form cae” Gs 


uro l E aia vh (113) 


uo -1+ Be,’ 
the empirical relationships derived between f and e, are 3 
1 + 3.05e3:84 : © 0.15 < e, < 0.5, irregular particles 7 
B ={1 + 2.29343 0.2 < e < 0.5, spherical particles o (11.4) 


{1-2 Pic dilute suspensions (ep < 0.15) 


Centrifuges may be classified by. their internal structures, which: ‘have been 


‘developed to handle somewhat differing suspensions leading to different methods 


of solids discharge (Table 11.2). An important feature of the decanter or scroll- 
type centrifuge (Fig. 11.6) is that it can easily handle large solid particles, 
in contrast to other forms of continuous centrifuges. Accordingly, this type of 
centrifuge may be used in series with another, fine particle centrifuge, to allow full 
capacity utilization of the latter without clogging or overloading. i 

_ Example applications of these centrifuges appear in Table 11.3; note: . the 
scroll (decanter) centrifuge for recovery of large mold. pellets, and the reei 
throughput capacity of the nozzle-type centrifuges. - Ei 
. .Noncellular. solids often occur in- biological process fluids. For Soe esle: 
when enzymes are harvested: from plant biomass, the latter: is typically first 
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Peileted solids 


Bowl port 
Sliding bowl 
' bottom 


Solids 


discharge 


. Figure 11.5 In this continuous centrifuge, solid particulates are removed in flow between closely 
stacked cones. Clarified effluent is withdrawn from the top of the unit. l 


crushed and extracted at cool temperatures into a high ionic strength solution, 
following which the major solid content must be removed. Similarly, partial utili- 
zation of solid substrates (e.g., cellulosics) may result in a fermentation broth 
containing macroscopic particles. Where an appreciable density difference exists, 
the scroll centrifuge (Fig. 11.6) is used first to remove large or easily settled 
solids. . 


11.1.3 Sedimentation 


When cells have a high tendency to aggregate closely (coagulate) or to form 
multicelled flocs with the aid of polyvalent cations or extracellular polymers, the 
recovery of cell biomass by sedimentation is possible. Such aggregation provides 
an inexpensive cell recycle stream in activated sludge waste treatment (Chap. 14), 
and a number of highly flocculent yeast strains have been used (in brewing beer 
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Table 11.2 Types of centrifugal separators | 
EEO a ee 


7 Solids content Maximum throughput 
Transport. in feed material, in largest machine 

. of sediment % by vol m?/h (gpm) 
Solids bowl Stays in bowl — ©  O-1 ` 150 (650) 

separators l vs =.) Mae E 
Solids ejecting Intermittent discharge through 0.01-10 200 (880) l 

nozzle separator axial channels `. Gau a 
Solids ejecting _ Intermittent discharge through 0.2-20 ” " 100 (440) 

separators radial slot S Ta i 
Nozzle separator Continuous discharge through 1-30 ' 300 (1320) 

nozzles at or near bowl 
E „periphery a 

Decanter (scroll) Internal screw conveyor 5-80 - 200 (880) 


After P. Belter, “Recovery Processes—Past, Present, and Future” 184th Amer. Chem. Soc. Mtg., 
Sept. 1982. l - l E 


and in single-cell protein production) due to this desirable property which allows 


_ inexpensive cell separation. The mechanics of cell suspension settling and com- 


paction are not well understood. In contrast to a single particle, which settles at a 
concentration independent rate, a suspension settles more slowly with increasing 

solids concentration [Eq. (11.3.)] For example, the interface dividing cell-free vs. 

cell-bearing liquid moves downward often according to Eq. (11.5): 


Settling velocity u, = kc™™ where m = 1.7-2.6 (11.5) 


Once the cell concentration achieves a large value, Cmax, further concentration 


occurs at a negligible rate, as seen for an activated sludge example involving both 
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‘Figure 11.6 Configuration ‘of a scroll conveyer centrifuge. (After R. H. Perry and C. H. Chilion, 
- Chemical. Engineers Handbook, 5th ed, McGraw-Hill, New York, pp. 19-92, 1973.) 9 ae 
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Table 11.3 Centrifugal biomass Separations 


Product 


Bakers yeast 


Brewers yeast 
Alcohol yeast 


SCP 
Antibiotics 
Antibiotics 


Citric acid 
Enzymes 


Vaccines 


After P. Belter, “ Recovery Processes—Past 


Sept., 1982. 


Microorganism Relative 
throughput 

Type Size (microns) in centrifuge 
Saccharomyces 7-10 100 
Saccharomyces 5-8 70 
Saccharomyces 5-8 60 
Candida 4-7 50 

Mold eee 10-20 
Actinomyces 10-20 7 

Mold kee eae 20-30 
Bacillus 1-3 7 
Clostridia 1-3 © 5 


Type of 
separator 
Nozzle 


Nozzle, _ 
solids-ejecting 


Nozzle, decanter 
Decanter 
Solids-ejecting 
Solids-ejecting 
decanter 

Nozzle, 
solids-ejecting 


Solid bowl, 
solids-ejecting 


, Present, and Future,” 184th Amer. Chem. Soc. Mtg., 


mixed microbial cultures and extracellular polysaccharides (Fig. 11.7a). Settled 


sludge biomass may be further dewater 
former case there is again a 
achievable (Fig. 11.7b). The 
row’/g, Where ro is the centrifuge dru 


centrifu 


city, andy is the acceleration of gravity. 

_ The*telative abilities of sedimentation, centrifugation, filtration, and drying 
to achieve dewatering up to a desired level are important in determining which 
Processes are appropriate. As Fig. 11.8 indicates, the water content of a cell- 


containing suspension may be classified as free, floc, capillary, 
water. The free water is removable by sedimentation; furt 
(aging) of the initial layer floc allows some further water r 
gation at Z = 3000 removes all floc water, giving a pellet 
Further dewatering is only achievable (to remove capillary wa 
trifuges, and particle water is removable only by drying afte 
sedimentation rates may be possible in inclined tubes 
because of a secondary flow phenomenon (Boycott effect) 
evolution of a clear fluid zone at the top of the channel or t 


11.1.4 Emerging Technologies for Cell Recovery 


Particulates can -be removed from an aqueous suspensio 
air bubbles. This flotation method is widely..used for r 


ed by centrifugation or filtration; in the 
(gravity dependent) maximum cell concentration 
gal acceleration number Z is defined as 
m radius, œ is the centrifuge angular velo- 


particle, and solid- 
her sedimentation 
eduction. Centrifu- 
of 5 percent water. 
ter) in small lab cen- 
r cell lysis. Increased 
or narrow channels, 
which results in rapid 
ube. 


n by attachment to rising 
ecovery of small particles 


EAE a 
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Velocity u;, cm s~! 
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Figure 11.7 (a) Settling velocity (of inter- 
face) .of oxygen-fed activated sludge. (b) 
‘Settled (mixed digested) sludge volume vs. 
time: test tube centrifuge. Parameter Z: 

- centifugal acceleration number = row?/g. 
(From U. Weissman and H. Binder, “Bio- 

` mass Separation from Liquids by Sedimen- 
: tation and Centrifugation,” p. 119 in Ado. 
. Biochem. Eng., vol. 24, A. Fiechter ( ed.), 

Springer- Verlag, Berlin, 1982. ) 


from aqueous suspensions of minerals. This method has also been used in eee 
processes. A related technique, froth flotation, uses the air-water surface tension 


to strip proteins from solution and accumulate them in a high protein, stable 


froth (a la European or English beer!). Flotation has been applied to concentrate 
Acinetobacter cerificans for SCP. 

Electrokinetic deposition uses voltage gradients of 1050 volts emit to y pro- 
duce solid biomass with densities up to 40% w/vol, thereby paying for power for 
deposition by savings in a subsequent dewatering or drying step. Current ineffi- 
ciencies due to broth electrolysis diminish the fraction of total current carried by 
the desired cell deposition. This technique has also been tried in reverse to pre- 
vent solids deposition on filtration surfaces during conventional filtration. Elec- 
trochemically driven coagulation of cells has been used with SCP Production « of 
Methylomonas clara in the Hoechst process. | 
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Solid concentration, c 


Solids | 0. 
15,000 20,000 
Centrifugal acceleration number Z 
Figure 11.8 Water “fractions,” in waste activated slu 


is 2.7%, capillary water (external) is 1.7%, the interstitial water to com 
21%, and, in a multifloc sample, the free water is 74 ya 


type is more difficult to remove. (From U. Weissman and H. Binder, “Biomass Se 


dge: For 0.6% dry solids, the intracellular water 


plete a single floc particle is 
Beginning with free water, each succeeding 


paration from Liquids 


by Sedimentation and Centrifugation,” p. 119 in Adv. Biochem. Eng., vol. 24, A. Fiechter (ed.), Springer- 


Verlag, Berlin, 1982. J 


11.1.5 Summary 


Cell or particle Separation may be desired for any of the following reasons: 
recovery of whol cells per se, recovery of cells for subsequent lysis and intracel- 
lular product Tecgvery, removal of major cell debris after extraction of lysed or 
ground cells, removal or recovery of trace unconverted soluble substrate, removal 
of biomass from product-extracted broth, and recovery and recycle of cells to the 
bioreactor. The choice of filtration (batch, continuous vacuum, cross-flow, etc.), 
centrifugation (vertical rotor, scroll (horizontal rotor)), or sedimentation/coagu- 
th), medium components 


lation depends on broth conditions (T, pH, ionic streng 
(cells, polymers, polyvalent cations, presence of other particles), and final state of 
desired product. 


11.2 PRIMARY ISOLATION - 


11.2.1 Extraction 


Extraction requires the presence of two liquid phases. While aqueous-organic 
two-phase systems have been dominant in antibiotic récovery, a novel two-phase 
aqueous-aqueous system has recently been considered for protein recovery. 
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11.2.1.1 Solvent extraction Many antibiotics have excellent solubilities in organic 
solvents which are nearly water-immiscible. A multistep, alternating aqueous to 
organic, then organic-to-aqueous extraction can provide both concentration and 
subsequent purification. _ 

A typical penicillin broth contains 20-35 g antibiotic/liter. Following filtra- 
tion to remove mycelial biomass, the filtrate is cooled to 4°C or below, and may 
be subjected to a second, polymer-aided filtration. The pK, values of penicillins 
lie in the range 2.5-3.1. Consequently, acidification of the broth to near pH 
2.0-3.0 causes. protonation (neutralization) of the penicillins, rendering them ex- 
tractable by organic solvents. A countercurrent extraction with a solvent/broth 
ratio of 1/10 using amyl acetate or butyl acetate removes most of the product 
from the broth. A subsequent back extraction with an aqueous phosphate buffer 
(pH 5-7.5) increases penicillin concentration. The penicillin is finally recovered as 

sodium penicillin precipitate from a butanol-water mixture. ` ` oe 

‘Operation of the extraction step as a continuous process is accomplished | 
with a continuous flow, countercurrent device, the Podbielniak centrifugal ex- 

tractor-separator (Fig. 11.9). The light (solvent) and heavy (broth) liquids enter 
through the rotating shaft, and leave the rotating contactor near the shaft and ; 
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Figure 11.9 The Podbielniak centrifugal contactor provides for two liquid introduction points 
ic through the rotating shaft. The light liquid is forced to the outside first; the heavy liquid is introduced 
near the center. Rapid rotation allows centrifugal force to move the fluids past each other ina. 
Se counter current contacting fashion. [ After W. J. Todd and D. B. Podbielniak, “Centrifugal Extrac:. 


tion” Chem. Eng. Progress, vol. 61(5), Pp- 69 (1965).] 
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rotor periphery, respectively. Rapid rotation produces a centrifugal field which 
drives the two fluids countercurrent to each other. tA ue . 
Other important antibiotics have been concentrated and purified via similar 
aqueous-to-organic-to-aqueous extractions. Thus, erythromycin is treated with 
amyl acetate, and bacitracin, a polypeptide antibiotic, is directly extracted with n- 
butanol, then reextracted into aqueous buffer, concentrated by evaporation, and 
‘dried. We note again that separations needed depend on final use: bacitracin as 
an animal food supplement is obtained by simple evaporation of water from the 
whole fermentation broth (including cells) and a subsequent drying of the resul- 
tant product sludge. . 
' . Not all antibiotics are purified by extraction: streptomycin is stripped from 
the filtered fermentation broth and recovered by ionic adsorption involving ion 
exchange (see Secs. 11.2.2, 11.4, and 11.7.2). . 

- In the original extraction steps, the fermentation broth is normally acidified 
.to render the antibiotic neutral for removal to the organic phase. However, for a 
given solute, one particular PH range may give maximum selectivity for anti- 
biotic vs. other extractables as well. As Fig. 11.10 indicates, choice of a pH < 2.0 
will give maximum selectivity for penicillin extraction vs. extraction of other 
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Figure 11.10 Distribution ratio (sol- 

vent/aqueous) for various penicillins 

and contaminants. / After S. Queener 

and R. Swartz, “ Secondary Products of 

Metabolism,” Economic Microbiology, 

2 3 4 5 6 7 8 vol. 3, A. H. Rose (ed.), Academic 
pH _ Press, London, 1979. ] 
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solutes with a higher (less acidic) pK,. However, the increased hydrolysis rate of 
penicillins with increased solution acidity makes the optimal extracting pH more 
basic than 2.0. The short residence time extraction allowed by the Podbielniak 
centrifuge also helps minimize this acid hydrolysis problem. NG acs ie 

Direct extraction of the original microbial broth has also been considered for 
recovery of fine chemicals: These examples are treated later in a section titled 
whole broth processing (11.7.2). ‘eee a a 


1 


11.2.1.2 Extraction using aqueous two-phase systems The need for.an extracting 


_ phase which does not harm labile enzymes and other proteins, which can be 


readily scaled to process large throughputs of product mixtures, and which 
allows recovery of modestly stable whole organelles and other substructures, has 
motivated consideration of liquid-liquid extraction systems in which each phase 


is primarily aqueous. The production of separated aqueous phases is achieved. by 
dissolution of two incompatible polymers, such as polyethylene glycol (PEG) and 


a dextran moiety (Fig. 11.114). The resulting phases are >75 % Water, and either 
dextran or PEG rich; Fig. 11.11a demonstrates that the PEG rich phase may 
have almost no dextran. Similar systems with PEG-potassium phosphate are 
available (Fig. 11.11b) as are examples with dextran/ficoll/PEG, polyvinyl alco- 
hol/dextran, and dextran/methylcellulose although those systems of Fig. 11.11a _ 
and b are the best examined to date. . 

The partition coefficient for eight enzymes in a PEG-Dextran ‘system, K = 
e(PEG-rich)/e(Dextran-rich), lies in the range 1.0 to 3.7, necessitating consider- 
ation of a derivatized polymer to produce a liquid ion-exchange, of a dissolved 
polysite affinity adsorber (see later section), or of salt addition to enhance one- 


_ Stage partition coefficients. Ammonium sulfate and potassium phosphate provide 


10-fold increases in K for pullulanase recovery at salt concentration of 12% and 
0.3-M, respectively, in one PEG/ammonium sulfate system (see Ref. 16). l 
The polymer phases may be separated by decanting (moderate holding time, 
Fig. 11.12a) or centrifugation (short holding time, Fig. 11.12b), and then stripped 
of desired product (by, for example, ultrafiltration) giving polymer (PEG) recov- 
ery. As this contacting and separation process may be quickly accomplished at 
ambient temperature, the trade-off of polymer costs (investment, loss per separa- 
tion cycle) against refrigeration needed in conventional (longer process time) 
protein solvent extraction or precipitation is evident. Dextran, even in crude 


_- form, dominates the medium makeup costs and is thus the key item for recovery. 
_A summary of enzymes purified from microorganisms by aqueous two-phase 


extraction is provided in Table 11.4. 


- 11.2.2 Sorption 


Sorption involves the partitioning of a solute between a bulk solution phase and 
a typically porous or high surface area solid. A prime example is the sorption of 
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Polyethylene glycol, % w/w 


Dextran, % w/w 


Polyethylene glycol, % w/w 


(b) Potassium phosphate, % w/w 


Figure 11.11 (a) Phase diagram of the dextran-polyethylene glycol system (D48-PEG 6000) at 20°C 
(O) and 0°C (x). (b) Phase diagram and phase compositions of the potassium phosphate— PEG 
6000 system at 0°C. (Reprinted by permission from P.-A. Albertsson, “ Partition of Cell Particles and 
Macromolecules,” 2d ed., p. 41, Wiley-Interscience, New York, 1971.) 


Relative settled phase volume, % 
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0 10 2 30 4 50 6 w 80 WW 
(a) K Settling time, min 


i 1.0 
a 
ae 
£ 
w 0.5 
È 
05 0.5 1.0 1.5 
(b) log Ò (-1) 


Figure 11.12 (a) Relative settled phase volume vs. time for gravity driven separation of two polyethy- 
lene glycol/salt systems used in FDH purification. Settling tank =.150 L glass tank. x = PEG potas- 
sium phosphate system: 6% PEG 1550, 9% PEG 400, 15°, potassium phosphate. pH 7.8 including 
2.5M KCI; top phase dispersed, H,'D = 2.67. O = PEG potassium phosphate system (12°, PEG 
4000, 7% potassium phosphate, pH 7.8; bottom phase dispersed, H/D = 2.5. (b) Throughput charac- 
teristics of a centrifugal separator (2-Laval LAPX-202). Logarithmic ratio between dispersed phase 
effluent concentration, c, and feed concentration, cg vs. logarithm of throughput Q(L/min). Feed; 
14% PEG 4000, 11% potassium phosphate, 0.1% Blue-dextran as indicator. Rpm: 700( x ), 9300(O). 
(Reprinted by permission from M. R. Kula, K. H. Kroner, and H. Hustedt, “Purification of Enzymes by 
Liquid-Liquid Extraction,” Adv. Biochem. Eng., vol. 24, A. Fiechter (ed.), p. 105,. Springer-Verlag, 

Berlin, 1982. l Di 
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- streptomycin by. ion exchange. Ion exchange materials are simply dissociable ion 
pairs in which one type of charge is immobile; e.g., 


Cation exchanger 
. (solid)~ H * + solutet' ———> (solid)~ solute* + H* 


Anion exchanger 


(solid)*CI~ + solute~ —" (solid)* solute +c 


| Streptomycin may be adsorbed onto a carboxylic acid cation exchange resin: 


n(Resin) -H* + streptomycin” =, n(Resin) ~ streptomycin" * + nH* 


The antibiotic-loaded resin is recovered from the fermentation broth, and subse- 
_ quently the antibiotic is recovered by elution with acidulated water, reversing the 
original adsorption step and simultaneously regenerating the resin. 
Ion-exchange materials may occur as soluble polymers giving rise to two- 
phase aqueous systems (see previous section). Among these, polyethylene glycol 
(PEG)-Dextran solutions are unstable and separate into two phases. As the PEG 
may be.derivatized to yield cation or anion exchange properties, the value of a 
two-phase system with dielectric properties near that of water (to retain protein 
stability) is clear. With such two-phase systems, dramatic separations between 
beta interferon and contaminant protein are achievable [17]. ` 
~ As with other product concentrating operations, ion-exchange has been ap- 
plied directly to whole broth processing, e.g., in the recovery of the antibiotic 
novobiocin (see Sec. 11.7.2). . 


11.3 PRECIPITATION | 


Organic solutes have solubilities dependent on solution temperature, pH, 
composition, ionic strength and dielectric constant. Precipitation may be brought 
_about in many ways: l 


1. Add precipitant to react with solute and produce an insoluble product, often 
a salt. Examples here include antibiotic recovery operations: 


Procaine-hydrochloride 7 procaine 
Sodium buffer salt + penicillin ————> `; { sodium — penicillin 
Potassium buffer salt potassium} ` 
Organic solvent + l di-hydro-streptomycin 
streptomycin + H, SO, _ sulfate l 
- Organic solvent +. ~ -> erythromycin _ 


H20 + erythromycin ` °- hydrate 


Biopolymer recovery is also obtainable by salt addition. For example, 
xanthan gum is a polyanion. Divalent cation (calcium) addition can be used 
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to form a gel precipitate. Alginate. biopolymer is recoverable from algal bio- 


mass by cell removal (filtration), followed by a calcium chloride precipitation 
of the biopolymer. [Recall use of this method to form calcium alginate gels in 
common use for cell immobilization (Chap. 9).] 

2. Solvent driven precipitations are useful in production of microbial biopolysac- 


charides including dextran and xanthan gum. These biogum fermentations u 
are typically aerobic and produce a highly viscous final broth. With xanthan a 


production, a final broth pasteurization ‘kills the Xanthamonas cells. After 
potassium chloride addition (which diminishes subsequent solvent needed), 
the gum polysaccharide is directly precipitated by added methanol or isopro- 


panol. The cell-bearing precipitate is then dewatered, washed, and dried, and 
contains no viable cells. Dextran recovery from broth is achieved by alcohol | 


or acetone precipitation. In use of solvent-driven precipitation for production 


of bulk biopolysaccharide, the modest product value requires efficient recov- ? 
ery and reuse of solvent, as well as good solvent removal from food or phar- 


maceutical grade product. 


_ 3. Protein precipitation techniques, which result in a phase change to form a 
precipitate, require some alteration of protein solution conditions to render 


the original, thermodynamically stable one-phase system unstable with re 


spect to precipitation. The various methods for causing the needed reduction a 


in solubility of proteins include: 


_ (a) added high salt concentration, to give precipitate by “salting-out” 


(b) pH adjustment to a protein’s pH of neutral charge, the isoelectric point i 


(Table 11.5), at which point the protein has a minimum solubility 


(c) reduction of medium dielectric constant to enhance electrostatic interac- | 


«tions by, for example, addition of miscible organic solvent 


(d) addition of nonionic polymers, which reduce the amount of water avail- 3 


able for protein solvation 


(e) addition of polyelectrolytes, which presumably act as flocculating agents F 
(f) addition of polyvalent metal ions to form (reversibly) a protein precipi- 4 


tate 


Table 11.5 Isoelectric points for several enzymes 


and other proteinst 


i ey 
. pl = isoelectric pH 


eee 


Pepsin  ~10 Hemoglobin 6.8 
Egg albumin 4.6 Myoglobin 7.0 
Serum albumin 49 Chymotrypsinogen 9.5 
Urease 5.0 Cytochrome c 10.65 
B-Lactoglobulin 5.2 Lysozyme 11.0 
y,-Globulin 6.6 . 


es 
-t Adapted from A: L. Lehninger, Biochemistry 2d ed, 
table:7.1; Worth Publishers, Inc., New York, 1975. 
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The method of choice includes consideration not only of the protein concen- 
tration needed and the cost of separation technique, but also the purity of the 
final product compared to precipitating agent. 

It is not surprising that the solubility of a protein depends o on the pH of the 
solution and is usually smallest at the isoeléctric pH. Since the protein molecules 
have no net charge at pI and some charge at different pH, electrostatic repulsive 
forces between solute molecules are minimized ‘at pI- This behavior. suggests a 
fractional-precipitation procedure for separating proteins with different isoelectric 
points: at a given pH the proteins with the nearest pI will tend to precipitate, 
other things (such as molecular weight) being equal. By varying pH, fractions 
containing different proteins are separated. : 

_ However, imposing wide pH variations on a protein solution runs Aie risk 
of denaturing many of its components. Consequently, another precipitation 
technique commonly called salting out. is more prevalent. Protein solubility is 


-~ markedly affected by the salt concentration of the solution. In 1889, Hofmeister 


observed that more negatively charged anions of salts were- most effective in 
causing precipitation of proteins; a similar. trend is evident with cations.-The 
Hofmeister (or lyotropic): series of ions, in order of approximale. diminishing 


- effectiveness for salting out proteins is as follows: 


Anions: citrate? ~ , tartrate? 7, F = 105, H 2PO,, acetate ~ : B,0;, CI, CIO}, 
© Bra , NO3, CIO;, I7, CNS- 


Cations: Th**, Al?*, Ht, Ba?*, Sr?*, Ca?*, Mg", Cs", ae eae Ki Nat, 


Lit 


As ammonium sulfate is very ‘soluble i in aqueous solutions, it is a common salt 


_for biochemical isolations, although the Hofmeister series. reveals the potential 


usefulness of many other salts. 
_ The major variable governing salting out of proteins is the i ionic. E T Hiss 


-defined by 


m=z at) 


where c; and Z; are the concentration and charge of the ith ion, respectively, and 
n is the total number of ionic species. It is believed that the addition of various 


‘salts tends to reduce the water concentration available for hydration ‘of ionized 
` or polarizable protein groups, thereby diminishing the protein solubility. As the 


data in Fig. 11.13 show, protein solubility at high ionic strength can often be 
correlated by the relation : 


log (solubility, g/L) = P — Kui, ` | tn 


where x, is called the salting-out constant. 


Proteins which denature at higher temperatures more aiy than the com- 
ponent of interest can be removed from solution by “cooking” them. After dena- 


_ turation, the protein is less soluble (remember the oil-drop model: -unfolding a 


globular protein will contact hydrophobic groups. with the aqueous phase) and it 
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Myoglobin — 


Log solubility, g/l 
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Fibrinogen - 
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lonic strength, uis 


Figure 11.13 Dependence of protein solubility on ionic strength of ammonium sulfate solutions. (Re- 
printed from E. Cohn and J. T. Edsall, “Proteins, Amino acids, and Peptides,” p. 602, Academic Press, 
New York, 1943.) 


precipitates. Another precipitation mechanism involves use of casein, diatoma- 
ceous earth (containing diatoms, the porous skeletons of many algae), or gelatin: 
proteins settle out of solution by adsorption to these large particles. This method 
is advantageously applied, for example, to purify a thermostable protein ex- 
pressed in a mesophilic host cell. Contaminant host proteins may be selectively 
precipitated while the thermostable protein remains in solution. 

A combination of these precipitation techniques is evident in many protein 
procedures as shown in Example 11.1. The process begins with enzyme extraction 
in a buffered solution. This is followed by slight heating to remove, by precipita- 
tion, those proteins or components which denature more easily than the dehy- 
drogenase of interest. Most of the enzyme is precipitated (along with other 
molecules of similar solubility) with acetone addition, which separates the 
enzyme from many of the low-molecular-weight extraction components: a subse- 
quent resuspension and precipitation in ammonium sulfate effects a further puri- 
fication in terms of enzyme activity per gram of precipitate. This purification is 
typically achieved, however, with loss of some of the total amount of enzyme in 
each step (bottom of Example 11.1). 

A further purification to separate the dehydrogenase from other proteins of 
similar solubility is effected by suspending the precipitate from step 8 (Example 
11.1) in progressively weaker solutions of ammonium sulfate. Since the solubility 
of a protein increases as salt concentration decreases below saturation values, 
resolution of the enzyme is accomplished with each progressively weaker contact. 
The supernatants from these resuspensions have specific activities (enzyme activi- 
ty per total soluble protein) of the order of 100 timéS*that of the first crude buffer 
extract. In addition, a great deal of extraneous material has been removed. 
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Example 11.1 Procedures for isolation of enzymes from isolated cells (yeast alcohol dehydrogenase 
from dried baker’s yeast)‘ 


1. 


Grind yeast in ball mill. 


2. Mix 100g powdered dried yeast with 100 mL 0.066 M disodium phosphate buffer which is 


> 


10. 


York, 1966. 


0.001 M in ethylene diamine tetraacetate (EDTA). | 


. Add 200 mL buffer, stir 2 h at 37°C, and let stand at ambient 3 h. 
.. Remove yeast-cell debris by centrifugation (28,000 g for 20 min) (assay). 
. Remove thermally labile protein by heating at ~55°C for 15 min (alcohol dehydrogenase rela- 


tively heat-stable)(assay). 


. Add 50 mL acetone per 100 mL heat-treated extract (mixing at —2 to —4°C) and discard precipi- 


tate. Add additional 55 mL acetone, centrifuge (28,000 g), and discard supernatant (assay). 


. Resuspend precipitate in 50 mL of 107? M phosphate buffer (pH 7.5) + 107? M EDTA buffer, 


dialyze twice with 3 L fresh phosphate buffer for 1 h. 


. At 0°C gradually add 36 g ammonium sulfate per 100 mL dialyzed solution and Serra | at 0°C 


(assay). 


. Suspend the first (NH,),SO, precipitate in 30 mL of 50% saturated (NH,),SO, saluia: Separ- 


ate supernatant and remaining precipitate and repeat precipitate suspension with 45, 40, 35, and 
25% saturated ammonium sulfate solutions (assay solutions). l 

Combine high-activity supernatants and add saturated ammonium sulfate solution until incipient 
turbidity is observed. Let er ystalivatnjon proceed for several gays a at 0°C. Dissolve piceae and 
recrystallize in 10 mL of 107? M EDTA (assay). : ' X 


The results are 


E Total units, x 1076 Specific activity l 


First extract 25 ; 4,000 


After heat 30 8,000 
Acetone precipitate 20 - ©- , 45,000 
First (NH,)2SO, precipitate 14 70,000 


Protein in solution 


Saturation (NH,);SO,, % . “Specific activity ` Total protein; % ` 
50 180,000 14.9 
45 200,000 12.5 
40 ne 650,000° 5 = 20 
35 ; 440,000 -o 6.6 
25- . se . 430,000 - 19.5 


11.3.1 Kinetics of Precipitate Formation 


Protein precipitation arises when a change i in solution condition so reduces the 
solubility that it falls well below the actual protein (or protein-reagent) concen- 
tration. In favorable cases, such as for a-casein, following an initial, lag, ‘the 


t From S. “Chaykin, Biochemia re EN pp. 22- 32, John wiy & Sons, Inc, ; New 
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Time, s [@] 
0 5 10 


Molecular weight x 10-8 


Figure 11.14 Molecular weight vs. time for 
_a-casein precipitate at three concentrations 
(indicated near lines; kg/m?) formed in 
presence of 0.008 M CaCl,. Lines are pre- 
dictions of Smoluchowski’s perikinetic ag- 
gregation theory. (After D. J. Bell, M. 
Hoare, and P. Dunnill, Adv. Biochem. Eng., 
Time, s [0,0] vol. 26, p. 19, Springer-Verlag, Berlin, 1983.) 


precipitate particle average molecular weight, MW(t), increases linearly and 
rapidly with time (Fig. 11.14), consistent with a growth kinetics form derived by 
Smoluchoski: 


girs ugh 
Ab 


MW(t) = MW(O)[1 + Kamot] — (11.8) 


where mg = molar concentration of the aggregating species. 

_ The theory which predicts such a linear increase in a stagnant fluid of 
Brownian particles is a diffusion driven, or perikinetic, flocculation approach in 
which the diminution of species concentration, N, follows a second-order law, 


-STAN (11.9) 


where K4 = 87 Drotecute'Amotecutes and W is a colloid stability parameter which 

includes accounting for the electric field barrier around each identical molecule. 
While MW(t) vs. t is linear for short times, later, slower growth of particles 

in a sedimenting precipitate appears to follow a form closer to Eq. (11.10) below 


a(t) = KOLL + a in (0) (11.10) 


where d denotés the number-averaged precipitate particle diameter as illustrated 
by casein precipitates in an ammonium sulfate solution (Fig. 11.15). 

Fluid shear can increase flocculation rate and also effects compaction of the 
resulting floc to give a stable particle which will survive intact in subsequent 
passage through a centrifuge. By increasing the frequency of particle-particle 


Fates 


Particle civa 4 


growti 
floc si: 
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While 


ation ; 
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12 
10 
FER 
33 8 
oe 
a Figure 11.15 Subsequent aging: parti- 
~ , cle size vs. time in hindered settling of. 
2 casein Precipitate produced by Salting 
£ out in 1.8 M ammonium surfate. 
5 Dashed line is perikinetic theory. (Re- 
printed by permission from M. Hoare, 
“Protein Precipitation and Precipitate 
` ; Ageing. Part I. Salting Out and Ageing 
- 10! 10? -10> 104 105 of Case in Přecipitates” Trans. L, 


Time,s Chem. E., vol. 60(2), p.79, 1982.) 


contacts, it can enhance the rate of particle flocculation. For example, in a turbu- 


lent field generated by a power input per unit volume of P/V, a mean shear rate G 
is defined by: 


G oc (P/V)¥2 p b i A GD 


Since the particle-particle collision frequency increases as G, the form of Eq. 


(11.9) appropriate to a shear-driven or orthokinetic flocculation is given by: 


= = = Fad? eG- N? ; : E E (11.12) 


where æ is a collision effectiveness factor (fraction of collisions which lead to a 


‘permanent aggregate). The term Gt is a dimensionless quantity, known as the 


Camp number, Ca, in water treatment flocculation; the precipitate growth behav- 
ior of the system can be correlated with this variable, which is sometimes called 
the aging parameter (F ig. 11.16). Soy 
This equation is usefully recast by assuming a constant volume fraction. of 

particles, Ø, = ndaricie N/6, to give a first-order disappearance: o3 
A ah, N n a (11.13) 


Ultimately, the precipitation operation must accomplish both nucleation and- 
growth of individual particles as well as their subsequent aggregation to give a~ 
floc size convenient for subsequent particulate recovery (centrifugation, filtration, 
etc.), with an appropriate efficiency of product removal to. the Particulate phase... 
While the initial quiescent (perikinetic) or shear-induced (orthokinetic) nucle-. 
ation and particle growth rates are described by Eqs. (11.9) and (11.12) above, 
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Figure 11.16 Ratio of mean particle size 
after and before exposure to shear in a 
capillary vs. aging parameter G (shear 
rate) x t(time). Average shear rate = 
1.7 x 10*s~'; average shear time = 
0.065 s, protein concentration = 
30 kg/m?. Mean initial diameters (um) 


mission from D. J. Bell and P. Dunhill, 

“Shear Disruption of Soya Protein Pre- 

l cipitate Particles and the Effect of Aging 

104-2, 5 10° 2 5 in a Stirred Tank” Biotech. Bioeng., vol. 
_ Aging parameter, Gr 24, p. 1271, 1982.) 


“the slower subsequent precipitate flocculation rate, often achieved in a separate 

mixer. device, may follow a first-order removal of individual precipitate particles 

into large aggregates. The relation of mixer residence time to precipitate particle 

concentration diminution has been given for both plug flow and m-CSTRs in 
series: 


Plug flow 
i: No\ 4 
e i wa) == ag, Gtrrr (11.14) 
l m-CSTRs in series: 
l n m No 1/m 
ZS zN ee | l 
-lam = Fa, | Grea) = | oe 


alert the overbar refers to a mean value. The utility of these simple equations 
for protein precipitates hinges on values of « and ġ, which are independent of 
particle size. 

Shear forces also allow compaction of flocs to occur; Fig. 11.16 indicates that 
for fresh precipitates subjected to an exposure Gt(Ca) of at least 105, the most 
compact precipitate particles are obtained. Excessive shear forces can break up 
weak flocs by turbulent mechanisms analogous to those considered in the critical 
Weber number discussion of Chap. 8. The dependence of maximum stable floc 
diameter on. mean shear rate is nearly inverse order, d,,,, oc G~', when dmax is 
larger than’ the turbulence scale, whereas when dmax is considerably smaller, it 
varies only slightly with shear rate. hes 
i: he use of centrifugation for recovery of precipitates requires sufficient time 
l prior. to centrifugation to allow for both floc formation and stabilization. The 


53.5(O), 23.4(A), 19.5(), 15.x(0), - | 
10.2(L4), and 8.8(@). (Reprinted by per- . $ 
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Figure 11.17 Precipitate preparation 
(floc) size vs. aging time, t(s) for 
batch precipitation. The shaded 
operating area provides a satisfac- 
tory precipitate for subsequent cen- 
- trifugal recovery. Boundaries 
dictated by (a) minimum size for 
centrifugal recovery, (b) optimum 
strength parameter (Gt = 10°), (c) 
minimum stirring speed to provide 
uniform mixing, and (d) maximum 
. acceptable aging time. / Reprinted by 
permission from D. J. Bell, M. Hoare, 


Particle size, wm 


velocity 
gradient and P. Dunnill, “The Formation of 


3 (d); . Protein Precipitates and their Centri- 
- i zoi | _ fugal Recovery,” p. 65 in Adv. Bio- 
’ j 10! 10? "10? 104 i 105. chem. Eng., vol. 2, A. Fiechter (ed.), 
5 e á Ageing time t; s a : Springer- Verlag, Berlin 1983 J ` 
requirements for time and shear rate (stirring, etc.) as shown in Fig. 11.17 may be 
summarized as follows: 
1. Centrifugation requires a precipitate of at least a certain (minimum) diaii 
H eter. 
2. A combined (shear rate x time) product sufficient to provide a strong floc. 
3. Sufficient stirring to allow good bulk mixing. 
4. Not excessive holding time. 
») These constraints for precipitate formation and aging are indicated in Fig. 
11.17; the enclosed operating region is the feasible domain, i.e., that area of 
1S operating parameter values for which the system satisfies all the requirements. - 
at 11.4 CHROMATOGRAPHY AND FIXED-BED ADSORPTION: _ 
st BATCH PROCESSING WITH SELECTIVE ADSORBATES o 
p Ta l ‘ce ee 
al Chromatography involves the column resolution of a pulse (or small batch) of 
oG flowing, multicomponent fluid into separate. fluid volumes of (nearly) pure sol- 
1s ‘ute solutions (Fig. 11.18). Biological molecules such as proteins have varying 
n tendencies to adsorb on such materials as starch, diatomaceous earth, and 
l polyacrylamide gel. As a result, when a solution containing proteins, for example, 
ne 


is passed over such a phase, each protein moves at an effective velocity which 


f 754 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


7, Protein | ) 


Sample injection ( NS Protein 2 


L\AAAAD 
ececene’ 

S 
eeose, 
CS2 


DO 
S25 


x 


Carrier 
buffer 


Column packed 
with adsorbent 


ee aaa, OD BORO RS 
@ OVOP ©) 
DOCO BOI 828258888 


Figure 11.18 Schematic diagram of chromatographic separation of proteins. 


Carrier 
buffer 


decreases as the protein’s propensity to adsorb increases. The following analogy 
is often used to explain the basic principle of chromatography. Imagine a number 
of coachmen who start together down a road lined with pubs. Obviously those 
with the greatest thirst will complete the journey last, while those with no taste 
for ale will progress rapidly! In case of extreme affinity for the fruit of the vine, 
the coachman will stay in one of the pubs until later coaxed out and given a ride 
by a later driver. This corresponds to fixed-bed adsorption and subsequent elu- 
tion (e.g., see Fig. 11.19) which is also often called chromatography in the bio- 
chemistry and bioprocess literature. 

To formulate an elementary quantitative description of čhromatosaphy, as- 
sume that fluid containing solutes S,, S,,..., Sy moves in plug flow through a 
packedgcolumn in which a fraction e of the total volume is occupied by intersti- 
tial fluid. Solute concentrations in the bulk-fluid phase, s,, are presumed to be 
sufficiently small so that solute exchange with the stationary packing phase does 
not alter total bulk-fluid concentration cr (and thus bulk-fluid superficial velocity 
through the column). Writing an unsteady differential material balance on the 
two-phase column (recall Figs. 9.5 and 9.30, for example) gives 


west ed) =O | (11.16) 
where wis the interstitial fluid velocity (= superficial velocity-e~' where superfi- 
cial velocity is the total volumetric flow rate divided by the total column cross 
section). The variable w; in Eq. (11.16) denotes the moles of component i in the 
solid per unit volume of solid. 

The rate of solute i uptake by the stationary phase, ôw;/ôt, is in general a 
complex function of flow conditions, solute diffusion in the fixed phase, adsorp- 
tion kinetics and capacity, and other parameters. In the simplest case, solute in 
the column packing. is in equilibrium locally with solute in the interstitial fluid, 


giving 


= K; dun f 
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The equilibrium relationship is in general dependent on all fixed-phase concen- 
trations w,,..., w,. In a dilute system, however, K; may be assumed to be a 
constant. Using Eq. (11.17) to evaluate w; and substituting in Eq. (11.16) and 
‘Tearranging gives d 


i 

} 
A 
i 
; 
H 

+ 


mj °° 11. 
“azta? (11.18a) 
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. where 


; -1 A a ` 
u=u(14 >.) | “  1.188) 


Equation (11.18a) is identical in form to the material balance for solute i 
moving at velocity u; through a tube with no packing. Therefore u; given by Eq. 
(11.185) gives the effective velocity of component i movement through the packed 
chromatography column. In accordance with the coachman analogy, Eq. (11.18b) 
indicates that components with greater affinities for the second phase (large K;,’s) 
will move through the column relatively slowly whereas compounds with very 
small tendencies to partition into or onto the second phase (small K,) will move 


_ at velocities approaching that of the solvent. Extensions of this elementary theory 


(see references) encompass axial dispersion effects, nonequilibrium binding, and 


diffusive transport into the stationary phase. Consideration of irreversible ad- 


sorption or desorption is pertinent to fixed-bed adsorber loading and subsequent 
selective solvent elution. 

_ An isolation technique known as molecular-sieve (or: gel-filtration or gel- 
permeation) chromatography separates molecules of different sizes. In this in- 
stance the column is packed with gel particles with pores of a characteristic size. 
Molecules larger than this pore size cannot diffuse into the gel and pass rapidly 
through the column, while smaller species penetrate the gel and move more 
slowly (Fig. 11.20). We should be aware that the separation may not be governed 
entirely by molecular exclusion according to the pore diameter (or fiber diameter 


‘if the gel is regarded as a tangled collection of solid fibers). Other possible in- 


fluential parameters include the effective solute diffusivity within the material, the 
tendency of the solute to adsorb on the internal material surface, and the osmotic 
pressure of the material. Currently the exact relative importance of these factors 
appears to be unknown. However, molecular exclusion often. predominates. In 
this case, an equivalent equilibrium constant K,, for use in Eq. (11.18b) can be 
calculated from | 


K wi = exp [—2L(r, + r;)?] (11.19) 


where K,, ; = fraction of total internal material volume available for spherical 
molecule of radius r; . 
L = concentration of gel fiber, expressed in length per volume, cm/cm? 
r, = radius of gel fiber 
r; = radius of spherical molecule of ith species 


Some typical r, and r; values are listed in Table 11.6. By varying the degree of 
cross-linking between chains in the gel, the value of the effective gel-fiber radius 
can be altered. A new gel support can be characterized by plotting — (In K,,)°°> 
vs. r;. From Eq. (11.19), the slope is (xL)°*, and the intercept is (xL)°°* r,. The 
K,, values for a Sephadex and several Sephadex-agarose (Sepharose) gels are 
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Figure 11.20 In molecular-sieve 
chromatography, larger molecules 
pass taore rapidly through the 
column, .while smaller molecules 
are retarded by occasional excur- 
sions into the gel particles. 


shown in Fig. 11.21. Such plots using K,, VS. molecular weight rather than radius 
r; may, be used when the radii of interest are not available. 

Figure 11.22 illustrates the results of a protein separation achieved by mo- 
lecular-sieve chromatography. Notice that the various proteins do not appear all 
at once but instead emerge as diffuse peaks. Several factors can contribute to 
peak spreading, including molecular diffusion, mass-transfer resistances, and vari- 


ation in axial velocity over the column cross section. The response in Fig. 11.22 is 


‘typical of chromatographic methods in general. The fractionation of very large 


. proteins, viruses, cell fragments, and even different cell types in a mixture of cells 
_can be carried out in an analogous chromatographic fashion provided the sup- 


port material has a tendency to discriminate between various mixture com- 


ponents. 


‘In ion-exchange chromatography the protein ‘solution is passed o over a fixed- 
bed column containing ion-exchange resin (Fig. 11.19). One common resin for 


: protein purification is CM-cellulose, a cation-exchange resin obtained by linking 


negatively charged carboxymethyl groups to a cellulose backbone. Cationic 


Apostel charged) proteins will bind to this resin by electrostatic forces, the 


i Table 11.6 Some radii estimated Goin diffusion studies for 


several moleculest E Ei | 
Re 


Diffusity, D x 10’, 


Protein Mol wt cm2/s T; A 


a ee 
Ribonuclease 13,683 11.9 18.0 
Lysozyme Ea 14,100 10.4 | : 20.6 
Chymotrypsinogen 23,200 9.5 22.5. 
Serum albumin 65,000 5.94 36.1 


Catalase l _ 250,000 4.1 : . 52.2 


Urease 480,000 3.46 Pe a = 619. 

EO a a aa a 
Typical fiber radii in gel rp Å 

Sephadex 7 

Agarose TE 25 : 

~ "Selected from summary in C. Tanford, Physical ae of Macromole- 
cules, table 21.1, John Wiley & Sons, Inc., New York, 1961... 
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Figure 11.21 Protein vs. molecu- 
lar-weight selectivity curves of 
Sephadex G-200, and Sepharose 
6B (~6 percent agarose gel, 
experimental) and Sepharose 


from M. K. Joustra, “Gel Fil- 

tration on Agarose Gels,” in 

0 Progress in Separation and 
104 3 105 106 Purification, vol. 2, p. 183, Wiley- 
. ‘Mol wt —> Interscience, New York, 1969.) 


strength of the attachment depending on the net positive charge at the pH of the 
column feed. After protein has been deposited in this manner, the column is 
developed by washing it with buffers of increasing pH and/or ionic strength. Such 
changes in the carrier solution cause weakly bound proteins to detach from the 
resin first, followed by more tightly attached molecules as conditions become far 
removed from those in the deposition step. Consequently the wash, which is 
protein-free wheii fed to the ion-exchange column, picks up a certain characteris- 
tic portion of the bound protein. The effluents (eluate) obtained by washing the 
column are then collected in small fractions under different conditions. Similar 
procedures are employed with anionic exchangers, which typically employ di- 
ethylaminoethyl (DEAE) cellulose ion-exchange resins. 

Ion-exchange chromatography, like affinity chromatography to be discussed 
next, is somewhat different from gel permeation and other types of liquid and gas 
chromatography based on different yet finite effective velocities of different sol- 
utes. In ion exchange chromatography, one or more components adsorb essen- 
tially irreversibly (K; > 00) under the conditions used for column loading. Thus, 
this is a selective, fixed-bed adsorption process. If multiple components are ad- 
sorbed, as is the case in the example in Figure 11.22, they are separated in the 
elution step. The feed is replaced by a series of elution fluids to achieve (ideally) 
sequential desorption of bound species. 

An intriguing chromatographic technique based on the natural specificity of 
some biopolymers is affinity chromatography (Fig. 11.23). A number of proteins 
and other biological - macromolecules (A) complex with some other molecular 
entity. (B) with a high degree of specificity: if spécies B is attached to a solid 
which is then used to pack a column, the K for component A is very large while 


4B (~4 percent gel). (Reprinted 
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Figure 11.22 Chromatogram resulting from molecular sieve chromatography of a solute mixture 
_ (packing is 6 percent. cross-linked desulfated agar. Buffer is pH 7.5 0.05 M tris-HCl). / Reprinted by 
permission from J. Porath, “Chromatographic Methods in Fractionation of Enzymes,” in L. B. Wingard, 
Jr. (ed.), Enzyme Engineering, p. 154, John Wiley and Sons, New York, 1972.] 
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Figure 11.23 Schematic diagram of affinity chromatography, where fine raaton are “achieved by 
d i specific interactions between an immobilized agent and a component in the liquid phase: Three steps 
le are shown: (a) introduction of mixture, (b) separation, and (c) elution of bound component. - 
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the K’s for other solution components are essentially zero. Examples of very 
specific pair interactions include enzyme-inhibitor, antigen-antibody, and lectin- 
cell: - 


Enzyme + inhibitor === enzyme-inhibitor complex 
Antibody + antigen ———~ antibody-antigen precipitate 
Lectin + cell-wall ——— _lectin-cell-wall complex 


For example, an affinity-chromatography column for isolation of DNA de- 
polymerase can be prepared by chemically binding DNA depolymerase inhibitor 
to the surface of some convenient bead material, e.g., agarose or polyacrylamide. 
Flow of a lysed-cell centrifugate (such as that obtained after step 4 of Example 
- 11.1) through such a column could result in an essentially quantitative binding of 
the enzyme DNA depolymerase and passage of nearly all other materials. From 

Eq. (11.18b), u; © u for all other solution components. Subsequently, a solution 

containing DNA polymerase inhibitor or some other appropriate eluant can be 
_ passed through the column to release and recover the bound enzyme for further 
use. - 
“With the advent of monoclonal antibody production, which allows the syn- 
thesis of a single type of antibody with a very high specific binding constant to its 
corresponding antigen (a particular protein or other molecule), the preparation 
of affinity columns has become not only routine, but commercial: an example is 
cited later involving human leukocyte interferon purification from an E. coli 
lysate using an immobilized-monoclonal antibody column. With such im- 
munosorbent column separation, as this particular form of affinity chromatog- 
raphy has been denoted, some important practical and theoretical differences 
arise compared to the previously described more conventional forms of chroma- 
tographic resolution: 


1. The antibody needed to make the immunosorbent column is a dominant 
cost, and may be much more costly than the antigen-containing broth itself, 
hence 

2. A small column capable of repeated, high capacity use is required. 

3. Elution of adsorbed product requires breaking the antigen-antibody complex 
which often involves denaturing conditions. Loss of some antibody binding 
affinity typically occurs, with gradual loss of column capacity. 

4. Agarose appears to be a most suitable column support; the surface density of 
antibody is a column parameter which can be varied. Lack of mechanical 
strength (high compressibility) is a disadvantage of this and other polysac- 
charide support materials, limiting column depth which can be used without 
excessive pressure drop (recall Example 4.2). 

. Precolumn purification may not be necessary, but should be studied with 

` ‘each case (as a lack of long experience exists). | seus 4 

6. A first cycle on a new column gives poorer recovery than successive opera- 
tions, apparently due to some irreversible binding. ` `- g 


o 


a Oe wy a 


Lo nae ected mera 


Concentration ———> 


PRODUCT RECOVERY OPERATIONS’ 761 


- 1.: Determination of- TR elution punter wash volumes ands concentrations is 
a key economic goal. - 


Other clear differences exist between affinity chromatography and more 
conventional adsorption or ion-exchange chromatography. The latter frequently 
gives a multi-component adsorption which is resolved in the desorption step, by, 
for example, a continuously increasing pH or salt gradient elution profile (Fig. 
11.19). The former relies primarily on specificity in the adsorption step (Fig. 
11.23). As a result, the affinity column can accept a continuous feed input until 


- saturation is nearly obtained, since virtually everything adsorbed is the desired 


molecule. Thus, the -operation strategies here are geared. more toward a typical 


_ fixed-bed sorption operation (continuous feed until bed saturation achieved) | 


rather than the conventional resolution of a single multicomponent pulse into-its 


- many constituents. The obvious trade-off is increased column specificity, allow- 


ing much larger volumes to ) be processed per cycle, vs. a much larger, Soluma 


_ preparation cost. 


-As a result of highly ecib binding, a sharp adsorption iont devosi in 
the immunosorbent bed and moves through the bed with a constant concentra- 


.. tion profile. In consequence, it is convenient to feed an affinity column until near 


saturation is achieved as noted by appearance of desired product in column 


- effluent. Excessive loading gives rise to loss of some product in the effluent; 
_ insufficient loading leaves the downstream column end of. this typically ELPENSIS 
column under utilized (Fig. 11. i 
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Figure 11.24 Breakthrough curve (effluent concentration of the adsorbed solute vs. time of solution 
_ feed to an initially fresh column) for affinity adsorption. If feed is stopped at effluent concentration 
‘Cgz, a portion of the column capacity has not been used. A small amount of solute is lost in the 


effluent. (Reprinted by permission from F. H. Arnold, H. W. Blanch, and C. R. Wilke, “4 Rational 


- Approach to Affinity Chromatography,” p..113.in Purification of Fermentation Products, D. LeRoith et 


al. (eds), ACS Symposium Series 271, 1985. Copyright by the American Chemical.Society.): — 
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Analyses of uptake processes for typical antibody-antigen binding and 
molecular weight indicates that, with Porous column packing, internal mass 
transfer provides an important mass transfer resistance. Hence a simple equi- 
librium model, €.g., Eq. (11.18) above, is inappropriate. Also, recent experiments 
indicate that the rate of antigen-antibody complex formation can significantly 
influence the overall antigen uptake rate. 


In mass transfer operations, it is convenient to replace column length by. 


quantity dimensionless by division by VAc and multiplication by L/ug (uo is the 
superficial velocity) gives the requisite number of transfer units: ; 


NTU _ k,a(Ac)L A kaL 
Acuy Up 


In immunosorbent columns, internal transport is slow. If such internal trans- 
‘port and strong binding provide the transport rate limitation, then [29, 39] _ 


k L 1 — £)2 L 4 
NTU pore = er a, = 60( . =” eff F . ( 1 1.20) : 


The relationship between NTU, dimensionless effluent concentration €.(=cfc,) | 


[38, 39] 


NTU pore(t — 1) = 2.44 — 0.273[1 — 2.912 (11.214) | 
where 4 
ie (so i Fa | (11.218) 
and l 
K, = Pedi (11.210) 
Cp 


The parameter qf in Eq. ( 11.21c) denotes the solid-phase adsorbate concentra- 
tion in equilibrium with Cr. a 

For a pseudo-homogeneous diffusion model (e.g., in a gel phase where pore 
diameter is not meaningful) [38] 


NT 7 | 
ul Youll — e)K, “2% (11.22) 
/ Uy Sa 


where Wen is a correction factor of order unity. The time-effluent concentration 
relation for‘irreversible adsorption is for this system : 


NTUpu(t — 1) = —1.69(in (-2)+061) © (11.23) 
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Figure 11.25 Experimental (~) and model (——) bidbiiroagicx curves for a 15 x 16:5 cm.: Con 
trolled pore glass (CPG)-monoclonal antibody column, Up = 0.011 cm/s, € = 0.6, d, = 0.01 cm, and 
t=1 at V, — ec = 211 mL. (Reprinted by permission from F. H. Arnold, H. W. Blanch, and C. R. 
Wilke, “A Rational Approach to Affinity Chromatography,” p. 113-in Purification of Fermentation 


` Products, D. LeRoith et. al. (eds.), ACS Symposium Series ai, 1985. Copyright by the American 
Chemical Society.) he 
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-Figure 11.26 Breakthrough curve predicted by Eqs. (11.20) and (11.21) for 15 x 60cm column of 


CPG-monoclonal antibody. Equilibrium capacity is the solute equivalent of 77.1 L of feed. V, is 
volume of fluid fed to the column, Vo is the column volume, and £ is the interparticle void fraction. 
(1) uo = 0.020 cm/s; (2) ug = 0.015 cm/s, (3), uo = 0.10 cm/s. ( Reprinted by permission from F. H. 
Arnold, H. W. Blanch, and C. R. Wilke, “A Rational Approach to Affinity Chromatography,” p. 113 in 
Purification of Fermentation Products, D. LeRoith et. al. (eds. ), ACS de eal Series 271, 1985. 
Copyright by the American Chemical Society. ) Salle , 
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_ Results of a small column experiment are,given in Fig. 11.25. Controlled pore 
glass (CPG) was used as a support for monoclonal antibody against arsanilic 
acid (ARS). The solute separated was a conjugate of ARS and bovine serum 
albumin. Equation (11.21) gives a reasonable fit to the effluent concentration 
profile for this system and operating conditions using NTU pore = 8. If pore diffu- 
sion is rate limiting, the performance of a scaled-up column can then be predicted 
using Eq. (11.21) and the definition of NTU pore (Eq. (11.20)). The predicted 
breakthrough curves for a large column for different feed velocities are shown in 


Fig. 11.26. A kinetic resistance to antigen binding may also be important; see Ref. 
39 for further details. 


11.5 MEMBRANE SEPARATIONS 


The principal advantage of membrane Separations is that operation is achieved 
without change of phase or interphase transfer; thus any desired product is con- 
tinually maintained in an aqueous environment. Size differences provide one 
basis on which membrane separations occur (Fig. 11.2). Given the following 
‘characteristic dimensions, i 


Diameter, nm 


> - 


Yeast and fungi 103-10* 
Bacteria 300-10? 
Colloidal solids 100-1000 
Macromolecules (proteins, polysaccharides) 10*-10° MW) 2-10 
Antibiotics (300-1000 MW) 0.6-1.2 
Mono-, disachaccarides (200-400 MW) 0.8-1.0 
Organic acids (100-500 MW) 0.4-0.8 
Inorganic ions (10-100 MW) 0.2-0.4 
Water (18 MW) 0.2 


two appropriate membrane separations are available, reverse osmosis and ultra- 
filtration. l 


11.5.1 Reverse Osmosis 


Osmosis occurs when a solution and a volume of pure solvent are separated by a 
solute-impermeable membrane; this circumstance leads to diffusion of pure sol- 
vent through the membrane, into the solution phase, in order to equalize solvent 
chemical potentials in each phase. If an increasing pressure Ap is applied to the 


solution phase, osmosis halts when the applied pressure Ap equals the osmotic 
pressure, z, of the solution, where 


m=cRT[1 + B,[c] + B3[c]? + ---] | (11.24) 


where B,, B, are virial coefficients for the solute in solution, 
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Thus, at low concentrations and zero solvent flux, Ap = n X cRT. When Ap 
exceeds z, a solvent flux occurs from the dilute solution into the pure solvent, 
giving rise to reverse osmosis, a 1 process which produces a more concentrated 
solution. 

In reality, membranes are not perfectly size E and it is convenient to 
consider both a passive solute permeability P as well as a flow-related reflection 
coefficient o for each solute. The latter represents the fraction of solute molecules 
which are not passed through the membrane; thus o = 1.0 is perfect reflection 
and o = 0 is complete solute passage. These reflection coefficients are membrane 

dependent; the apparent pore size of the membrane provides an indication of the 
size-selective nature of this process (Table 11.7). 

Under an applied pressure, the transmembrane solvent flux rate and solute 

transfer rate are represented by Eqs. (11.25) and (11.26): . 


N, (solvent) = L,(Ap~ 7) 11.25) 
N (solute) = €,(1 — oN, + PAc, (11.26) 


where L, and P are membrane permeabilities for solvent and solute, respectively, 
Ac, is the solute concentration difference across the membrane, and €, is the 
average solute concentration in solution. The corresponding solute concentration 
-in the liquid exiting the membrane i is thus 

N, Pic 
— =| & (1 — o) + ——— 


1 


‘which, for ø near 1.0 and small P and/or large N,, will be much smaller than the 
“upstream solute concentration. 


‘Table 11.7 Flow characteristics of three types of membranes‘ 


Reflection coefficient 


Molecular Dialysis at ove Se eee E 
Mol wt radius, A tubing* Cellophane! Wet gelt: 


20 1.9 0.002 eseese 0.001 


60 2.7 0.024 ` 0.006° - . 0.004 
180 44 0.20 0.044 0.016 
342 5.3 03T. > 0.074 ° - 0.028 
595 61 © . 0.44 0.089 0.035 ` 
991 12. - 0.76 . 043... . 0.23 
ine serum albumin ` 66,000 37 i 102 — 103. 073 
lated pore radius, Å =se eee 23 O M gg 
brane constant, L, eese o Anien 1.7 as S a a 
075 g-(cm?-s-atm)~! ak ae, Een nar ii 
a eee 


t Data from R. P. Durbin, J. Gen. - Physiol, 44: 315 (1960). 
t Visking cellulose. 

4 DuPont 450-PT-62 cellophane. 

RE “Sylvania 300 viscose wet gel. 
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Figure 11.27 Concentration polarization 
caused by buildup of solute(s) near the 
upstream membrane surface. 


Liquids are nearly incompressible, thus provision of appreciable pressures is 
not costly per se. However, as the flux increases, a layer of solute-rich fluid builds 
up at the interface (Fig. 11.27), giving rise to a greater solute permeation rate 
(Eq. (11.26)], as well as a diminished solvent flux by virtue of the locally in- 


E ene 


creased osmotic pressure [Eq. (1 1.25)]. This concentration polarization provides, 
effectively, an upper limit to membrane flux rate: upstream stirring near the q 
membrane surface can reduce this ultimate resistance, as indicated in F ig. 11.28 | 
(880. vs. 1830 rpm stirring with 6.5 percent protein), in a manner analogous to the a 
fluid motion in cross-flow filtration which diminishes the filtration cake re- 
sistançe near the upstream membrane face. a 

With a multicomponent salt solution, the total osmotic pressure of the q 
solution, ignoring any interaction tendencies, would be a simple sum: 2 


r = 2, T; = PS CRT] + By fc], + B3,{c}?---] (11.27) 


The solvent flux is again proportional to (Ap — z,), so now each solute flux 
depends on the total osmotic pressure as well as its own permeability and rejec- A 
tion coefficients: hence concentration polarization of any solute decreases the flux i i 
of all solutes. a 
In the absence of any appreciable solvent flux, if the downstream fluid is 
circulated and continuously replaced, dialysis occurs in which small solutes are 
continuously diffused into the circulating fluid and large solutes retained. This 
technique underlies operation of artificial kidney machines, which can remove 
salts and small-waste organics (e.g., urea, Table 11.7), while retaining large mole- 


cules such as proteins and sugars. If removal of one low molecular weight species 
is not desired, it must be provided in the circulating dialysate fluid; thus the use 
of 107° M phosphate in the dialysis purification (for removal of other small 
solutes) in the enzyme purification example (step 7, Example 11.1). 
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0.10 


0.9% Saline 
UM-!0 membrane | 
M-50 cell 


0.08 0.65% Protein (1830 rpm) 


0.06 ; A 3.9% Protein (1830 rpm) 


0.04 } me 6.5% Protein (1830 rpm) 


6.5% Protein (880 rpm) 


0.02 


0 10 l 20 30 
Transmembrane pressure, lb/in? 


Figure IL. 28 The influence of concentration polarization on deviations from linearity and approach 


to a constant flux as transmembrane pressure is increased. {Reprinted by permission from M. C. 
Porter, “ Applications of Membranes to Enzyme Isolation and Purification,” in L. B. Wingard, Jr. (es ed. ds 
Enzyme Engineering, p. 119. John oe and Sons Inc., New York, maa J 


11.5.2 Ultrafiltration 


The use of larger pore membranes than found in reverse osmosis allows flow 
passage of 1-10 A molecules and retention of proteins or other macromolecules. 
For molecules from 10 A to 500-1000 A diameter, ultrafiltration is useful both for 
product concentration (by solvent removal) and purification (by removal of low 
molecular weight impurities). 

When macromolecules account for the concentration polarization layer, the 
osmotic pressure is typically negligible, as Eq. (11.24) suggests for MW large. 
However, the accumulating macromolecular solute polarization layer can create 
an appreciable mass-flow resistance. 

Several analytical approaches are available, depending on the physical si situa- 
tion. 


1. For very dilute feeds, membrane intrinsic resistance sets the solvent flux ac- 
cording to a simplified form of the reverse osmosis equations which neglect 
osmotic pressure, thus 


N (solvent) = = L pAp 
N 2(solute) = = z (l —o)L, ‘Ap + P Aco... 


2. The accumulating macromolecular polarization layer may, in its more con- 
centrated volume, form a gel phase which adds an appreciable, perhaps even 
dominant, resistance to the ultrafiltration process. 
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Defining a molecular sieving parameter @ = c,/c,, and the observed re- 
jection of a solute R as (c; — c,)/c,, where c,,, Cp, and c, are gel, feed, and 
permeate concentrations, respectively, then 


| 1—¢$\/1—R\] | 
$ = Puk In lee Se) (1 1.28) 


where k = liquid phase mass transfer coefficient and p, = molar density 
of solvent. The amylase data of Fig. 11.29 support the linearity of 
In [(1 — R)/R] vs. N,. Addition of a second polymer, B-lactoglobulin, again 
provides a linear plot of N, vs. (1 — R)/R, but with larger value of (1 — ¢)/¢. 
Thus, for a given solvent flux, the rejection factor R of amylase is larger for 
the mixture. Note that the slopes vary somewhat as well, reflecting a compo- 
sition-dependent gel layer resistance. 

Further evidence of gel resistance is given in Fig. 11.30; here operation 
at the B-lactoglobulin pK value of pH = 5.2 gives maximum gel concen- 
tration. Intuitively, a denser gel would be expected from these neutral 
(isoelectric) molecules than from solutes of net charge other than zero; this 
notion is born out by the enormously increased rejection of o-amylase 
with increasing f-lactalbumin concentration at pH = pK for f-lactalbumin 
(Fig. 11.31). 
_ These results indicate that, for a given filtration material, solvent flux 


; Rejection of amylase (R) 
0.90 0.70 0.50 0.30 0.20 0.10 


/Re®3 
(mL/cm?-s) x 104) 


Normalized flux N 


0 
0.04 01° #03 10 3.0 10.0 


Amylase rejection function (1 — R)/R 


Figure 11.29 Variation of flux with amylase rejection (upper scale), pH and presence of B-lactoglobu- 
lin. Amylase only: pH = 6.0(O), 5.2(@). Amylase and f-lactoglobulin: pH = 5.2(M). HFA-300 mem- 
brane, T = 30°C; stirrer speed = 900 rpm (Re = 50,000), p = 5-20 psig (amylase only); 15 psig (B- | 
lactoglobulin); 0.01 M acetate buffer, 0.002 M CaCl,. [After-E. A. Butterworth and D. I. C. Wang, 


“Separation and Purification of Enzyme Mixtures by Ultrafiltration,” p. 195 in Fermentation Techno- 
logy. Todor, (G: Terui (ed.), Soc. Ferm. Technol., Japan, 1972.] 
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> 
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> 
iv 


Solvent flux x 107, mL/cm?-s 
o 
> 


co > -0.003 0.01 0.03. 01 03 1.0 
B-lactoglobulin c; — cp, g % 
Figure 11.30 Variation of flux with f-lactoglobulin concentration difference c z — Cp (g %). 0:01 M 
on acetate buffer, 0.002 M CaCl,, 900 rpm, p = 15 psig. [After T. A. Butterworth and D. I. C. Wang, 
l “Separation and Purification of Enzyme Mixtures by Ultrafiltration,” p. 195 in Fermentation Techno- 


a logy Today, G. Terui (ed.), Soc. Ferm. Technol., Japan, 1972.] 
ta j pres bua saan 
ris 
ise ; me” 
in : -and solute rejection may be circled by Eq. (11. 28), “However, the slope 
Puk and intercept puk In [(1 — ¢)/¢] are concentration dependent, and the 
ux ~- ultrafiltration efficiencies. are not a function of molecular size alone: for the 
example above, the dilute, higher molecular weight «-amylase (MW = 
48,000) was passed through the membrane in preference to the more concen- 
trated, gel-forming ß$-lactoglobulin (MW = 36,000). (The contradiction is 
only apparent, not real; what is the molecular weight of a gel?). 
1.0 
0.8 
U 
3 
Pr 
E 0.6 
S 
= 
2 of Figure 11.31 Amylase rejection R vs. B- 
E peN jactoglobulin in feed: pH = 5.X(0), 
6.O), 0.01 M acetate buffer, 0.002 M 
bu- 0.2 CaCl, rpm = 900, 15 psig = p- [After T. 
em- A. Butterworth and D. I. C. Wang, “Separ- 
(B- ation and Purification of Enzyme Mixtures 


ae Pris by Ultrafiltration,” p. 195 in Fermentation 
0.04 0.06 0.12 0.16 0.20 Technology Today, G. Terui (ed. ), Soc. 
B-lactoglobulin in feed; g % © .. Ferm. Technol., Japan, 1972.] - i 
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11.6 ELECTROPHORESIS 


Electrophoresis is the movement of a charged species in an electric field. The | 
steady velocity uş achieved by a particle of charge q in a fluid under the influence 4 
of an electric field of strength E is found from the momentum balance A 
a 

— Fluid drag on particle = electrostatic force = gE (11.29) | l 

; JE 

For globular proteins, use can be made of Stoke’s law for the drag on a sphere of f 
radius r, moving in a Newtonian liquid of viscosity p, . 1 
— Fluid drag on particle = OTL, P pup (11.30) f 

so that | | l | 
dE 1 

= -~ 31) 4 

“g 6TH p ED : 


Since in general each protein species will have a different net charge q, applica- -f 
tion of an electric field will result in different protein velocities. Thus a sample $- 
containing several proteins can be separated into its component parts (Fig. # 
11.32). By varying the PH of the electrophoretic medium, the velocity of a protein l 
can be altered. If for a given protein the p/ is smaller than the pH, its charge and 4 
velocity will be negative. Protein components with pI > pH will move in the i 
opposite direction. This technique can be utilized to measure pI: the pI of pro- 1 
teins or other molecules can easily be determined by placing the molecules in a i 
pH gradient and noting where in the gradient the electrophoretic velocity up 4f 
becomes zero. : 
In flow electrophoresis, bulk fluid flow occurs perpendicular to the applied 
field, allowing continuous processing. In paper and gel electrophoresis, particle | 


motion is modified by adsorption/desorption and hindered diffusion interactions 
with the porous solid or gel. 


Soe 


A general problem in considering scale-up of electrophoresis techniques is i 
ohmic heating of the solution. As solutions which stabilize proteins are often | 
quite conductive, high current densities are typical and the achievement of large- J 
scale heat-exchange capabilities for such systems is not yet at hand. Small-scale a 
electrophoretic equipment has been developed for continuous operation. A 
11.7 COMBINED OPERATIONS a 


When simultaneous operations may be run in the same vessel, both processing | 
time (operating costs) and equipment (capital costs) may be saved. The potential 
is often low, however, since the restrictions required for two different Processes 

must be met simultaneously. Here, we illustrate several characteristic kinds of 4 
combined operation to illustrate both the advantages and requirements. 
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Protein solution 
(components, A, B, C) 


(a). 


gradient 


(b) 


Ascending 
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Figure 11.32 Location of protein components in an electrophoresis cell (a) before and a after itoi: 
cation of an electric field. ( Courtesy of Beckman Instruments, Inc.) Ps 
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11.7.1 Immobilized Cells 


(CAR Ny, 


Immobilized cells (Chap. 9) carry out simultaneous bioconversion (or biosynthe- : 
sis) and biocatalyst recovery from the product broth. The cells may be operated a 
in a fluidized or packed bed mode, and the trade-off includes the absence of a A 


separate cell removal step compared to the cost of cell support and the immobili- : 
zation process. Additionally, immobilized cells tend to grow, and eventually leak, . 
into the medium, diminishing the original advantage if cell contamination of 


product is undesired. To avoid this, the cells may be starved of some crucial 


nutrient (e.g., nitrogen source) to prevent growth, and occasionally regenerated 
when catalyst activity declines appreciably. 


11.7.2 Whole Broth Processing 


Whole broth processing involves direct product removal without prior solids or 


cell removal. Example separations include extraction, ion-exchange, dialysis, ad- — 


sorption (activated carbon) and membrane and/or filter operations. 
As an illustration, antibiotic (cycloheximide) fermentation with and without 


added hydrophobic ion exchange resin is shown in F ig. 11.33. Over 98 percent of f 


the cycloheximide was adsorbed on the resin, which must be regenerated periodi- 
cally for commerical application. The case cited found, on subsequent elution 
from the resin into butyl acetate, that the final cycloheximide concentration was 
not greatly different from that found after direct broth solvent extraction, but 
product purity was improved. 

Volatile inhibitory product ethanol may be continuously removed in a vac- 
uum distillation process which feeds broth to a low temperature vacuum still 
allowing viable yeast (and broth) recycle with product removal. 

Direct solvent extraction for penicillin and steroid recovery is practiced, and 
extraction into two-aqueous phase systems (PEG) has been demonstrated, al- 
though potentially expensive in terms of PEG cost. . 

Direct broth Processing by adsorption on ion exchange resin has been rea- 
lized at pilot and Process levels for streptomycin and novobiocin recovery [37]. 
A simple set of fixed bed ion exchange adsorbers receives a continuous flow of 
fermentation whole broth (Fig. 11.34). This system has been described by a sim- 
ple transient model of the form ‘below: a 


dc, 
on > Fcp- 


Ea d 
~ Fe, Va A 


(11.32) 


where V, = liquid volume in column n (L) 
Ca~1> Ca = antibiotic concentration in bulk feed to or effluent from column n, 
respectively 
= volumetric flow rate (L/h) 
= resin volume in column n (L) aes 
w, = antibiotic concentration in resin phase, g/L-resin 
t = time (h) . 


a) 
I | 


PR Vee aL TUE DE Rese PN CPS NN Coram one 


2) 


O Whole broth without resin 


Cycloheximide concentration, pg/mL ®© Whole broth with resin 
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addition 
(XAD-4) 


A Whole broth without resin 
4 Whole broth with resin 


- Reducing sugar concentration, g/L 


Fo o Ans.-al - 
0 24 48 72 96 120 144 158 192 216 
Fermentation time, h 


_ Figure 11.33 Cycloheximide concentration vs. time. Normal fermentation (O, A); fermentation iga: 
ified at 48 hours by addition of 6 wt % resin (KAD-4) (°, A). (Reprinted by permission from H. ane 


Ann. N.Y. Acad. Sciences, vol. 413, p. 313, 1983.) 


The resin binds the antibiotic strongly. In consequence the antibiotié disttibution 
_ -is nonuniform in a single resin particle, giving rise to a time dependent diffusional 
transport tesistance to additional antibiotic uptake by the resin. This situation 
. can be described conveniently using an uptake-dependent correlation for an ap- 
: parent mass transfer coefficient. Hence the uptake rate is written: 


(11.33) 


Figure 11.34 Multibed absorber for antibiotic recovery. ( Reprinted by permission from P. A. Belter, F. 
‘C. Cunningham, and J. W: Chen, “Development of a Recovery Process for Novobiocin,” Biotech. 


Bioeng., vol. 15, 533, 1973.) 
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where the apparent mass transfer coefficient k is given as k = f (w/W ma): 

k= Ae- Bowman) + De~ E(wlwmex) (11.34) 
Finally, c* folds a F reundlich isotherm: o 


c* = b(w,)* “3 (11.35) 


When the last-stage effluent antibiotic concentration reaches a particular 
value, the first adsorber is removed for product recovery and a fresh ion ex- 
change adsorber added to the effluent end. The semiempirical model of Eqs. 
(11.33) to (11.35) provides a useful description of fed-batch adsorption for whole 
broth ion-exchange extraction. The process was developed in order to eliminate a 
costly mycelial filtration which had an accompanying appreciable antibiotic loss 
in filter cake materials. 

Problem areas in whole broth extraction include: 


Adsorption. Uptake of nonproduct solutes (other proteins, unconverted sub- 
strates, etc.) may diminish sorbent capacity and diminish purity of. eluted 
product. . 

Membranes are susceptible to fouling when not regularly cleaned. l 

Solvent-broth systems may form difficult emulsions, allow solids deposition in 
recovery devices, or allow excessive solvent loss in discarded broth phase. 


In general, a successful system should be selective, nontoxic to growing cul- 
ture, capable of aseptic operation, have a high product-loading capacity, and be 
reusable if it is expensive. . 


11.7.3 Mass Recycle 


Such recycle systems involve the combined operation of separation of particular 
mass fractions from a bioreactor or processed broth and its reintroduction up- 
stream as an additional feed stream to the bioreactor. The three major possibil- 
ities are (i) gas phase recycle, (ii) water recycle, and (iii) biomass recycle (or 
retention). The first involves only bioreactor configurations allowing reintroduc- 
tion of the freely separated gaseous effluent, and was discussed previously in 
Chap. 9. Biomass recycle is practiced advantageously primarily in aerobic waste 
treatment (Chap. 14) and was considered analytically in Chap. 9. Various mem- 
brane operations (cross-flow filtration, microfiltration) lead to cell retention in 
the bioreactor, providing advantages in specific rate similar to those of cell re- 
cycle. o 0 e a = . 3 

The prospectof large-scale bioprocess plants for, for example, single-cell pro- 
tein or ethanol production, requires consideration of water recycle. For example, 
a 50,000-70,000 dry ton/yr SCP process could require 2-2.8 x 106 tons/yr of 
process water. Discharge of this stream would give losses from incomplete nutri- 
ent conversion and useful (unrecovered) organic by-products, and could add a 


34) 
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waste treatment cost, should such be needed to render the process effluent ‘suit- 
able for sewage or other discharge. Additionally, bioreaction processes in arid 
climates must address water as a critical resource; the above large process water 
requirement represents about one quarter of the fresh and distilled water annual 
usage in Kuwait’s main industrial area. = ee, 7 


Recycle brings several potential problems which could significantly alter 
reactor performance: 


1. Buildup of inhibitory excreted metabolites or cell lysis components. ‘(These 
may be produced in either the bioreactor or the product recovery section.): 


2. Buildup of undesirable or unused feedstock constituents. pi 
_ 3. In mixed culture, selective cell recycle which alters culture makeup. ` 


Analytical study of reactor performance predicted with models of the sort 
discussed previously in Chap. 9 indicate that, for systems where inhibition 
occurs: 


1. Water recycle always lowers conversion vs. the same dilution rate in a nonre- 


cycle system; l EPET be 
2. For a constant total nutrient input per unit volume,. recycle again lowers 
conversion; S A at. te sd co ss 
3. For every recycle system, a critical recycle ratio exists, below which the effect 
on conversion is mild, and above which the effect is considerable. 


We note in passing that recycle provides a form of backmixing in the biological 
reactor; as with other areas of chemical kinetics, positive order conversions (such 
as given by Monod kinetics which are fractional order in substrates) are penal- 
ized by backmixing. Thus, water recycle will always lead to a larger (more expen- 
sive) reactor, and the additional economic gain due to decrease of disposal or 
water purchase costs must more than cover these additional bioreactor costs. 


118 PRODUCT RECOVERY TRAINS | 


In this section, we examine integrated product separation and purification trains, 


D 


_ indicating with several examples the general trend of solids removal, primary 


concentration, purification and final processing which characterize biological ‘re- 


í «covery schemes. 


Prior to examining such detail, it is useful to reflect on interactions. between 


"< the bioreaction and recovery section. The bioreactor feedstock may be a complex ` 

-` medium on one extreme, or a chemically defined one on the other. While the’ 

. former often gives better cell or product yields, theresultant: broth is more 
`. heterogeneous and may cause recovery difficulties.. More costly: defined media 

| may be justified to facilitate recovery when the product has high value. Similarly, ` 

~ higher bioreactor productivity is a goal which conflicts with the notion of com- - 
= plete substrate utilization; the latter gives lower specific rates in the bioreactor 


cee cence ee aac ae 
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but also provides a bioreaction broth for recovery which may be free of trouble- 
some solutes (e.g., sugars) which interact unfavorably with a product recovery 
scheme, or which may impart instability to the stored, dried product. 

Based on pharmaceutical industry experience, the following guidelines are 
profitably considered: l 


1. Antifoam should be minimal, as surfactants may stabilize emulsions in later 
extractions; > . 

2. pH buffers are less desirable than use of simple acid/base additions; 

3. Biocides are less desirable in sterilization than heat treatments; 

4. Bioreactions which are clearly intracellular or extracellular yield product 
only in one phase and give an easier recovery train design than when the 
product is in both biomass and broth phases; , 

5. Substrate residues should be minimal. Thus, unconverted substrate, as well as 
unconvertible feed components and separate solids, are to be avoided if pos- 
sible in order to minimize demand on the recovery. train. 


11.8.1 Commercial Enzymes 


Enzyme products are available as crude, dried preparations, dilute or concen- 
trated liquids, or purified (even crystallized) solids. F igure 11.35 provides a gen- 
eral process recovery scheme for enzyme derived from animal, plant, surface, or 
submerged fermentations. The former sources require immediate pretreatment to 
release enzyme into an extracting buffer, followed by the appropriate solids re- 
moval steps#when liquid or purified products are required. A more detailed pro- 
cess recovery‘example for a plant enzyme (F ig. 11.36) shows the necessity of good 
mixing (flow in coil) at a low temperature (stabilize intracellular products) to 
maximize initial extraction. The two serial centrifuges perform a solids fractiona- 
tion, removing large particles first by scroll centrifugation so that the more 
expensive, higher rpm bowl centrifuge is not clogged with large particles. Subse- 
quent acidification shifts pH sufficiently to precipitate much originally soluble 
protein, provided a sufficient residence time is allowed in the cooled holding coil 
to form a centrifugal precipitate (recall F ig. 11.17). A disk centrifuge removes this 
(unwanted) protein precipitate; a second acidification and holding coil precipi- 
tate the desired protein, recovered as wet solid from the second disc centrifuge. 
Thus, this example contains two instances where similar or identical processes 
are placed serially to carry out a fractionation, first of solids by centrifugation 
and ‘second by acidification/precipitation. 

As subsequent smaller scale operations occur in protein purification (as pro- 
cessed volume diminishes), recovery steps may logically shift from continuous to 
batch as shown in Fig. 11.37 for protease production. Note additional steps to 
enhance enzyme yield: (1) repeated washing of biomass, (2) two-stage ultrafiltra- 
tion to carry out sequential 5-fold volume reductions, (3) a switch from contin- 
uous to batch ultrafiltration to effect a further 40-fold volume reduction. 
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Bean Cold buffer Centrifuge 


N f f Scroll centrifuge i J H 
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Figure 11.36 Continuous isolation of enzyme proly-tRNA synthetase from mung bean. (Reprinted 
from M. D. Lilly and P. Dunnill, Science J., vol. 5, p. 59, 1969. } 


methyl sulfanyl fluoride, a serine Protease inhibitor, is added to buffers for this 
purpose. l 


Figure 11.39 summarizes the sequence of processing steps which have been 
used to purify human insulin, human growth hormone, and human leukocyte 
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Figure 11.37 Extracellular enzyme (protease) recovery. Basis: 200 m? batch, 10-h operation with two 
hours’ clean-down. ( Reprinted by permission from B. Atkinson and F. Mavituna, Biochemical Engineer- 


. ing and Biotechnology Handbook, Macmillan Publishers Ltd., Surrey, England, 1983, p: 918.) 
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Figure 11.38 Flow process for dust-free enzyme product; the marumerizer provides wax-coated parti- 
cles. (Reprinted by permission Jrom K. Austrup, O. Andresen, E. A. Falch, and T. K: Nielsen, “ Produc- 
tion of Microbial Enzymes,” p. 281 in Microbial T. echnology, 2d ed., Vol. I, H. J. Peppler and D. 
Perlman, eds., Academic Press, N.Y., 1979.) 


interferon made in recombinant E. coli. A series of precipitation and chromotog- 
raphy steps is applied in each case to achieve the required purity [22]. 

Proteins expressed at high levels in recombinant E. coli often accumulate in 
intracellular refractile bodies (Fig. 6.27). While easily separated from lysed cell 
solution by centrifugation, these crystalline agglomerates of highly cross-linked 
protein must be dissolved and renatured to obtain useful product. Summarized in 
Fig. 11.40 are an oxidative sulfitolysis protocol for dissolving refractile bodies 
and a refolding and disulfide bond formation procedure for renaturing soluble 
denatured protein. These methods were reported by scientists at Genencor, Inc. 
in connection with cloning and expression of rennin in E. coli. 
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Figure 11.39 Summary of purification processes for three human proteins synthesized in. recombinant 
E. coli. (Reprinted by permission from W. C. McGregor, “Large-Scale Isolation and Purification. of 
Proteins from Recombinant E. coli,” Ann. N.Y. Acad. Sci., vol. 413, p. 231, 1983.) ae: oats he A 
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Figure 11.40 Oxidative sulfitolysis and disulfide bond formation procedures used for conversion of 
refractile bodies to soluble, active protein. GSH and GSSG denote the reduced and oxidized forms, 
respectively, of glutathione. (Courtesy of Bryan Lawlis and Kirk Hayenga, Genencor, Inc.) 


11.8.3 Polysaccharide and Biogum Recovery 


Polysaccharides and closely related derivatives are precipitable by alcohol addi- 

tion, forming the basis for recovery. Dextrans provide a high value polysaccha- 

ride product with uses which may include food or medicinal applications, hence 

the distinctive uses in its purification (Fig. 11.41) of alcohol precipitation and use 
of washes with pyrogen-free water. Partial hydrolysis of initial precipitate is 
if followed by (unhydrolyzable) solids removal, and repeated fractional crystal- 
l lizations, with final impurities removed by ion exchange. Xanthan gum is 
i precipitated with isopropanol after broth pasteurization (to kill all cells), then 
| spray-dried and milled for a food-grade product. 


11.8.4 Antibiotics 


Antibiotic production yields either a bulk salt form, e.g., sodium penicillin (Fig. 

11.42), or a more purified precipitate (procaine penicillin) for clinical use. Note 
the additional use of adsorbent columns and line filters to remove dissolved and 
particulate contaminants, respectively. Final spray drying of the procaine-anti- 
biotic precipitate is accomplished in a low temperature freeze dryer. Biomass may 
gbe fully recovered and sold as animal food supplement. 
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Figure 11.41 Processing of dextran from broth of low solids content. Basis: (4 batches of 4mẹ°)/day.` 
(After B. Atkinson and F. _Mavituna, Biochemical Engineering and Biotechnology Handbook, 
Macmillan Publishers Lid. Surrey, England, 1983, p. 911.) l 
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Figure 11.42 Penicillin production process. (After B. Atkinson. and F. Mavituna, Biochemical Engi- 
neering and Biotechnology Handbook, Macmillan Publishers Lid., Surrey, England, 1983, p. 990.) 


- PRODUCT RECOVERY OPERATIONS 785 


11.8.5 Organic Acids 


Citric, gluconic, and itaconic acids are all recovered by biomass removal by 
filtration followed by a precipitation (calcium citrate, calcium or sodium gluco- 
nate, itaconic acid). The citric acid requires calcium citrate dissolution with sul- 
furic acid (Fig. 11.43), discard of calcium sulfate product, and precipitation as 
citric acid (or sodium citrate) crystals with centrifugal recovery; subsequent dry- 
ing depends on final product (anhydrous, monohydrate, sodium salt). Itaconic 
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ingi- > ° Figure 11.43 Organic (citric) acid recovery process. Basis: 100 m° batch yielding 9200 kg acid. (After 
; B. Atkinson and F. Mavituna, Biochemical Engineering and Biotechnology Handbook, Macmillan Pub- 
lishers Ltd., Surrey, England, 1983, p. 910.) = 
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acid solutions are treated with activated carbon for high quality end use; this 
step is not needed for industrial grade product. 


11.8.6 Ethanol 


Ethanol forms an azeotropic mixture with. water at 95.7 wt% (89 mol%) 
ethanol. Distillation recovery proceeds in two steps. First a three-column conven- 
tional distillation train produces a high alcohol product stream. For anhydrous 
alcohol production (as needed for motor fuel usage), this binary solution is then 
mixed with benzene, breaking the binary azeotrope, and allowing recovery of 100 
percent ethanol by distillation (Fig. 11.44). Energy recovery costs depend on the 
ultimate ethanol grade needed; Table 11.8 summarizes columns useful for broth 
concentration, industrial and motor fuel production. 


11.8.7 Single-Cell Protein 


Biomass recovery, where biomass is the principle product rather than byproduct 
(as in glutamic acid or antibiotic production), requires a very inexpensive recov- 
ery step. Two recent bacterial processes, due to ICI and Hoechst, recover meth- 
anol-grown cell biomass in a simple preconcentration step. The ICI process 
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. Figure 11.44 Pure ethanol via azeotropic distillation. (After B..Maiorella, C. R. Wilke, and H. W. 
Blanch, “Alcohol Production and Recovery,” Adv. Biochem. Eng., A. Fiechter (ed.), vol. 20, p. 43, 
Springer-Verlag, Berlin, 1981.) 
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employs coagulation and decanting to produce 25 g cell (dry weight) per liter, 
and cell recovery in the Hoechst process is based on electrocoagulation. The 
resulting cell fluid is sufficiently dense to be centrifuged directly, bypassing an 
intermediate filtration step. The final product is obtained by spray dryer opera- 


tion. These filtration-free results arose from need: (i) large volumes must be 


processed on a continuous cell recovery basis (thus excluding plate-and-frame 
filter), (ii) the filter cakes formed by small (bacterial) particles would clog vacuum 
rotary filters, and. (iii) use of any filter aid would compromise final product 
quality. These most recent processes use bacteria, which generally have higher 
specific growth rates than yeasts. | 

Yeast, while slower growing, provide easier recovery due to their larger size 
(typically d = 5-8 um) than bacteria (d = 1-2 um). For example, bakers’ yeast (S. 
cerevisiae) (p(yeast) = 1.133 g/cm?) may be recovered from 3-5% broths by cen- 
trifuging with nozzle type, vertical continuous centrifuges. A single-pass triples 
the concentration, and subsequent passes produce 18-20% yeast solids as a 
_ pumpable cream product. l 

Molds and higher fungi are recoverable with basket centrifuge, rotary vac- 
uum filter, or screens, yielding 22-45% solids product, which is then dried. The 


trade-offs are clearly slower growth rates vs. less expensive recovery schemes; 


recall that the doubling times are typically 20-30 minutes for bacteria, 2-3 hours 
for yeasts, and several hours for molds, algae, and higher fungi. i 

Final cell treatments prior to packaging must include removal of undesired 
substrate. For carbohydrates, no problem exists. Methane utilization is aided by 
recovery and recycle in the bioreactor, and trace methanol is easily removed 
during drying. Gas oil-based SCP processes repeatedly encountered difficulties 
due to unconverted substrate residue in the final SCP product, in spite of com- 
plex separation treatments which have included decantation, phase separation 
with solvents, surfactant-containing washes, and solvent extraction. Pure alkane 
grown SCP can receive a simple surfactant wash to remove residual substrate 
after the first centrifugation. The final drying treatments for SCP product must 
provide sufficient killing (5-8 log cycles) of desired as well as any contaminant 
strains, yet not be so harsh as to damage the product by, for example, excessive 
darkening with drum drying. 

_ When usage as bulk human food is considered, a means of diminishing DNA 
content is required. Two approaches have been considered: reduction of DNA in 
whole cell material (by heat shock or alkaline extraction) or recovery of protein 
from broken cells, an approach which traditionally has had poor protein recov- 
ery yields. 


11.9 SUMMARY 


It is the challenge to a bioprocess separation system, whether a single-unit opera- 
tion or a sequence of operations, to yield a product of the desired concentration, 
purity, and stability. This chapter has provided an introduction to the principles 
underlying each type of separation unit operation and has given several illustra- 
tive applications for bioproduct recovery. 
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Figure 11.45 Relation between starting product concentration in completed broth or medium, and 


‘final selling price of prepared product. (Reprinted by permission from J. L. Dwyer, “Scaling Up 


Bioproduct Separation with High Performance oR Chromatography,” Bio/ Technology, vol. 4 , P. 95 7, 
1984.) 


Economics drives the connection between separation costs and initial prod- 
uct concentration of the completed bioreaction broth as indicated in Fig. 11.45. 
The very clear trend from this important figure reminds us that a continual 
pressure for technical improvement exists on the upstream bioreactor section to 
yield a final broth of higher product concentration, so as to lower the costs for 
the subsequent separation and recovery sections. Ultimately, we must use a com- 
mon denominator, namely costs, to compare the overall resources needed for 
each section of a bioprocess: raw materials handling and storage, bioreaction, 
separation, and recovery. A unifying basis for this cost engineering is the subject 
of the first half of the next chapter, followed by illustrative examples of biopro- 
cess economics. 


PROBLEMS 


11.1 Cell settling (a) Calculate the apparent isolated particle size for the following biological parties 
given their densities (p) and settling velocities (u,): 
` Primary sewage sludge (Chap. 14) (p = 1.001 g/cm?; u, = 0.042 cm/s) 
Activated studge floc (Chap. 14) (p = 1.005; u, = 0.2 cm/s) 
Yeast (p = 1.001, u, = 0.0003 cm/s) (Data: W. J. Weber (ed.), PaA Processés Jor 
Water Quality Control, Wiley Interscience, 1972, p. 128). 
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(b) For bacteria (p = 1.001, effective diameter = 1.0 um), is settling a- practical operation in less 
than 1 hour? Why (not)? 


11.2. Cell filtration: Batch processing A shake flask broth is to be filtered at the following conditions: 
= 10 cm?, u, = 2 centipoise, Ap = 0.3 atm, p = 1.1 g/cm?, w = 0.001, and m = 2.5. _ 
(a) Evaluate the specific cake resistance a and the resistance coefficient r of the filter if it is 
found at two different times that (t (s), V(mL)) = (30, 38X60, 52). 
(b) For scale-up purposes, what size filter A s would be needed to process 105 liters of the same 
broth in 10 minutes? 


11.3 Rotating vacuum filter: continuous filtration A rotating vacuum filter is partially submerged in a 
fermentation broth. As the fresh filter enters the broth, filtration and cake accumulation commences. 
(a) Develop an expression for the accumulated local solids density (W/A) vs. time (t) as the 
filter rotates through the broth. What simpler forms result if filter resistance alone is dominant? If 
cake resistance alone is dominant? Sketch all three relations. 
(b) Suppose that.operation up to an accumulated solids density y is practiced. If the filter 
_ Operates at a rotation rate of w radians per minute and has a radius R, derive an expression for the 
absolute broth processing rate of the filter. Note that you need to integrate the local flux over the 
entire submerged filter portion. 


11.4 Centrifugation In centrifugation, a suspension of spherical particles of radius R and density p, is 
placed in a centrifuge tube containing fluid medium of density p, and viscosity »,. When the tube is 
spun at an angular velocity w (rad/s), motion of an isolated particle in a dilute suspension is described 
by Eq. (1E1.4). 

(a) At 10,000 rpm, a dilute suspension of yeast (R = Sum, p = 1.001) is centrifuged i in tubes filled 
with 4cm of liquid. When the centrifuge is operating, the tubes are perpendicular to the 
- rotation axis, and the bottom of the tube is 8 cm from the axis. What time is required for complete 
: centrifugation? State any assumptions. 

(b) A concentrated suspension of spherical particles, with volume fraction €p, is centrifuged in 
the same condition as part (b). Develop an expression for the times required for complete centrifuga- 
tion assuming that £, is constant at all times. Is £, = constant likely to be correct? Why (not)? 


11.5 Filtration of mycelia The specific cake resistance in the filtration of mycelia (as in the penicillin 
producing fermentations) can be estimated from properties of fluid resistance to flow through a 


packed bed of cylinders. The specific cake resistance r is given by 
aE 


r = K"s3(1 — €)?/e° 


where K” = Kozeny shape factor, s, = specific surface area of cake solids, ¢ = cake void volume. The 
parameter s, is estimated from the hyphal (cell) diameter d, according to 


Sp = nd,/(nd2/4) = 4/d, 
and the void volume e is given by 


e= 1 — 1Kvp,) 


where p, = hyphal density and ¥ = specific cake volume. 
(a) Show that the following equation arises from the filtration equation (11. 2) and the defining 


equations BOONE. 
2 te BRET : 2LJ/ pa 
t= e — So ee ee 
_ We AAp {A Ve (a -17 z) . 


where L= filter medium resistance. 
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(b) The mycelia form a compressible cake, thus causing a change in ¥ as the filtration parameter 
T varies. This change, for given filtration conditions, has been correlated by the following equations: 


F=a-b(I/f) or F= a — W(1/é) + (1/7)? 


Derive. for each form. an expression for the’ change i in the specifie cake resistance, r, as a function of 
the modified filtration time, 7. 

(c) The correlations in (b) involve dimensional variables, yet such relations “ee maximum 
usage when recast in dimensionless form. Propose suitable dimensionless forms for the above equa- 
tions for r and t. 

These equations can'be used to design a filter, and bane also been applied to ene of an in situ 
biomass probe. (next problem). (See E. Nestaas, PhD. thesis, MIT, 1980.) 


11.6 Mycelial biomass filter probe The filter design equation (11.2) was modified to describe filtration 
of compressibie mycelia in Prob. 11.5. An in situ. fermentor probe for on-line biomass measurement 
has been designed based. on determination of the time required to fill a small fixed volume reservoir 
located just above a filter. The filled reservoir is signalled by the movement of the cake- medium 
interface past a light beam, triggering determination of tp and V, (tp): 

(a) Show that the biomass concentration in the medium is given by x = 1000 Ve. + Vey) 

(b) Show how you would calculate x from a single measure of tp and Vette) with this fixed aner 
cake volume probe. 

In operation, x is measured by a single tr, Ve, Ve determinaton: Then the filter is 5 back flushed 

to dislodge the filter cake, allowing installation of the probe in the fermentor (no cake withdrawal is 
needed). (See D. C. Thomas, V. K. Chitter, J. W. Cagney, and H. C. Lim, Biotech. ae 27: 729, 
1985.) 
11.7 High-pressure homogenizer Dunnill and. Lilly (“Protein Extraction from Microbial Cells,” Single. 
Cell Protein II, S. Tannenbaum and D. I. C. Wang (eds.) MIT Press, Cambridge, Mass., 1975) 
observed that protein recovery from passage of bakers’-yeast cell suspensions through a large pressure 
drop confined to a small volume Comtcecnice) followed the equation . - 


where K = first-order rate constant 
_N = number of passes through homogenizer 
R,, = maximal achievable protein release 
R = protein release after N passes 
K = xp” where x, « depend on microbe and p is operating pressure. 


(a) Show that a first-order rate law gives the expression observed, treating ‘N as a continuous 
variable. 

(b) If the power input per pass W varies linearly with operating pressure p, show that a maxi- 
mum exists in the curve of Q (percent protein released per kilowatt power input) vs. pressure. 

(c) If x = 2.9 for bakers’ yeast and the maximum in Q is 7.0 at 570 kg,/cm? for N = 1, evaluate 
k and W/p and calculate the profiles of q vs. p for N = 1, 2. l 


11.8 Reactive extraction Solvent extraction of an unstable product can be hastened by addition of a 
reversibly complexing agent to the solvent phase. Solvent-soluble amines, for example, can be used to 
complex penicillin according to the reaction: 


` Amine (organic) + penicillin ~ (aq) $ H* (aq) =— amine — HP (organic) 


(a) Comment on the conceptual similarity of this process to facilitated transport (Chap. 5), 
exemplified by oxygen uptake in red blood cells by complexation with hemoglobin. 

Full analysis of this mass transfer with chemical reaction system can be complex. The extractive 
reaction can aid the desired process in two ways: increase of the rate of extraction, and increase of the 
extent of product equilibrium partitioning into the solvent phase. Each of these can nt De ae apiy 
for limiting behavior. \ ee Gm ts Be ee 
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(b) For rate enhancement, consider the following network for penicillin (P): 
P ———> R (degradation product). y5 
P == P, (mass transfer to interface). 


P, ——— P, (solubilization into organic phase) 


k2{ A} 


P, AHP (reactive extraction into organic phase) 


Write expressions for dp/dt and dp,/dt. By applying the pseudo-steady state assumption to the inter- 
mediate, p, (interface concentration), show that the p transfer rate (net) to the interface divided by the 
rate of p degradation is given by 


Net transfer rate k, ( kg ) 


Degradation rate ~ ka jr k, + ko + k,[A] 


Sketch this function vs. amine concentration [A]. What transfer to degradation ratio obtains for 
conventional extraction ([A] = 0)? For dominant reactive extraction ([A] — large )? 
(c) For equilibrium enhancement, only the network below needs consideration: 


Ko 


P Po 


KR 


A+P, AP, 


Given volumes V, and V, for aqueous and solvent phases, respectively, show that the equilib- 
-rium ratio of total penicillin in aqueous phase to total penicillin in organic phase is given by 
(V,/Vo)/K (1 + Kp{A]). Sketch this function vs. [A]. 
Data for degradation rates and equilibria for various extractive reactants for penicillin appear in 
M. Reschke and K. Schiigerl, Chem. Eng. Jl., 28: B1, B11, 1984. 


11.9 Recovery of intracellular vs. extracellular product For nongrowing cells, the time course of mea- 


sured product concentration, intracellular and extracellular, are plausibly described by equations of 
the following form: 


pat) PimaxL! a e 7 
Pelt) = aft — fo(1 — e7*)] 


(a) Sketch these functions. - ; 

(b) Suggest explanations, based on known microbial functions, for these time variations. 

(c) Under what circumstances would you design a process to recover intracellular product or 
extracellular product? 

(d) For each case in part (c), what kind of biocatalyst improvement research and development 
would you recommend? 

(e) Sketch a process for each circumstance, showing principal operations needed to produce a 
solvent-extracted, crystalline product and a dried biomass by-product. 


11.10 Whole broth antibiotic recovery Strong sorption of antibiotic (and perhaps other process so- 


lutes) changes the rate determining step in adsorption, resulting in an uptake-dependent mass transfer 
coefficient, k, given by a form of Eq. (11.34) for novobiocin: 


k = 130 e7 234/amex) 4 46 73m (h7!) 


(a) Consider a single tank contactor with continuous addition and withdrawal of antibiotic 
broth and continuous addition and withdrawal of resin beads. Here, the concentration driving force is 
a constant, c — c*, and time is replaced by bead holding time t in Eq. (11.33). For a single tank, 
integrate a form of (11.33) analytically to obtain t = fcn(q). (This is most easily done by noting that 
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dq dt = (dt/dq)"'; ie. lett be the dependent variable. Integration via partial fractions is then 
straightforward.) 


(b) In batch processing, a resin charge and broth volume would be added simultaneously, 


giving 
the conservation relation 


dq _ fdc a 
Wa WG . (i) 


and also a time changing value of c*, given by c* = bq" (Eq. 11.35). Using (i) and (11.35), repeat the 
procedure of part (a) to obtain the time required, t, as an integral of a function of the uptake 
` achieved, q. l i l l ete at Me de aad 

(c) Simple transient problems can often be conveniently solved by Laplace transform if the 
governing equations are linear. Is the set of Eqs. (11.32)-(11.35) for staged countercurrent processing 
amenable to solution by Laplace transform? Why (not)? (See P. A. Belter, F. L. Cunningham, and J. 

W. Chen, “Development of a Recovery Process for Novobiocin,” Biotech. Bioeng., 15: 533, 1973.) 
11.11 Capillary driven separations In paper and thin-layer chromatography, the carrier fluid velocity 
is not constant in time. The pressure differential due to the advancing solvent-solid interface in the 
paper capillaries is given by Ap = 40 cos (8)/d., where o is surface tension, d, is capillary diameter, 
and @ is fluid-solid contact angle. The viscous resistance to a. flow ‘rate im is proportional tò pz 
(viscosity times length of liquid-filled portion of capillary) and inversely proportional to the capillary 
cross section ( oc d?). 

(a) Assuming m proportional to dz/dt, show that z? and t are proportional, where z is the 
position of solvent front. 

(b) Prove that the distance between any two. solute peaks also has the same z:t dependence. 

(c) To represent. actual chromatographic supports more realistically, suppose that the normal- 
ized fraction of capillaries-of diameter d varies about the size d,, of maximum frequency as ‘N(d) = 
A exp [—(d — d,,)]. Develop an expression giving the relative water content of the capillary material 
vs. time and distance. : Pye Eae ea oe 

. (d) Ignoring other dispersion effects, derive an expression for the apparent peak-to-peak dis- 
tance of any two solutes. te 3 . MR 
11.12 Chromatography In chromatography, each solute has an equilibrium partition coefficient 
K; = s;/c;, where s; is the adsorbed species concentration and c; the bulk concentration. If a sample of 
width d at the injection point is to be separated into peaks of at least this peak-to-peak spacing, show 
that: 


(a) The mean residence time of any single component i is given by 
ao 
ti = —(1 — eX! + K;) 
us 


where u is fluid velocity and L the column length. 
(b) The required maximum column length L is the maximum value of 


d(K ; — K;) 

“(1+ Kd + Kp: ene AK z 
- (c) In liquid chromatography, the diffusion coefficient is typically 1076 cm?/s for larger mole- 

cules (Table 11.5). If the chromatography column is packed with particles of 107? cm diameter, use 
the Einstein equation for the root-square (rms) distance traversed by a molecule in time t, <z?» h2 = 
(Dt)''?, to show that flow velocities larger than the order of 1074 cm/s will require a longer column 
than indicated in part (b). . l 

(d) Charm and Wong (“An Immunosorbent -Process for Removing Hepatitis Antigen from 
Blood and Plasma,” Biotech. Bioeng., 16::539, 1974) have used an affinity-chromatography column to 
Separate serum-hepatitis antigen from pooled blood plasma. For such specific separation: K;:—> oo 
(i = antigen), K; ~0(j # i). If the column is packed with nonporous. beads of. radius R and the. 
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antigen concentration is n particles per liter, show that the maximum number of blood volumes which 
can be cleared continuously of antigen by a single unit of column volume is given by 


(1 —e) 
nnr? R 


where ¢ is the column void volume and r the antigen radius. 


11.13 Chromatography From Fig. 11.21 and a correlation from the data in Table 11.5, deduce the 
values of Land r, for the three chromatographic materials of Fig. 11.21. 


11.14 Protein precipitation via “salting-out” (a) For the solubility correlation of Eq. (11.7), deter- 
mine the parameters $ and K, for each protein in Fig. 11.13. : 

(b) How would you use fractional precipitation to resolve a mixture of the proteins in this figure 
into nearly pure precipitates? 

(c) The least effective ions for “salting-out” are actually useful for “salting-in” or dissolving a 
polymer, e.g., LiCNS solutions will dissolve silk stockings! Read a discussion of “salting-in” in your 
physical chemistry book, and briefly discuss the phenomena at work in “ salting-in” and “salting-out.” 
11.15 Enzyme isolation efficiency Assuming a 50% yield in step 4 of Example 11.1, calculate the 
fraction of initial enzyme which is recovered in the final step. 

11.16 Immunosorbent capacity The binding capacity C of some immunosorbent columns has been 
reported to diminish with adsorption/elution cycle number n according to C(n) =,C(O)e™™ with 
n> 0. . ; 

(a) Show that the total amount of protein which could be isolated by N cycles is 


N-1 
C(T) = F Cn) 
a=0 
g (b) If æ is small, the series in (a) can be approximated by an integral, 


(N~1) 
C(T) = f C(O)e~* dn 
E-a 0 


Show that the total anuni of protein recoverable by the column is C(0)/a. 
(c) How would you decide how many cycles could be economically useful before the column 
was to be discarded? 


11.17 Recycle of inhibitory feed component Recycle of water or of cells also brings recycle of solutes, 
some of which may be inhibitory. Suppose the specific growth rate is influenced by inhibitor I . 
according to 


(a) Consider a simple recycle reactor (Fig. 9.4) with dissolved feed inhibitor concentration 
i, < K;. Show that simple recycle has no effect on concentration of I in the reactor. 

(b) Suppose now that the main product (e.g., ethanol) and water are removed continuously by 
distillation and that I is nonvolatile. What is the maximum allowable recycle ratio (F,/F 9) if we 
cannot allow u(i)/u(i = 0) < 0.95? (Example: A number of dissolved salts in cane molasses are inhibi- 
tory to Saccharomyces cerevisiae in ethanol production: B. L. Maiorella, H. W. Blanch, and C. R. 
Wilke, Biotech. Bioeng., 26: 1155. 1984.) ` 

© (c) Let I be an inhibitory product, produced by biomass at a rate equal to nx. Derive an 
expression for (F,/Fo)msx in terms of n, a (cell enrichment ratio in separator), and the minimum 
allowable value (i), a(i = 0). iar 
11.18 Kinetics of immobilized subtilisin in a two-phase reactor-recovery system Optically active p- 
arylglycines for use as side chains for semisynthetic penicillin and cephalosporins are preparable from 
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a racemic mixture using immobilized subtilisin (protease). In reaction conditions, the racemic precur- 
sors are dissolved: in an. organic phase; which is then mixed with immobilized enzyme slurried pre- 
viously in water. The sparingly soluble reactant is easily extracted and converted in the aqueous 
phase, liberating acid. Base titration thus provides a measure of reaction rate. 


Conditions: 143.3 mmol DL-2-acetamido phenylacetic acid methylester dissolved in 250 mL methyl 
isobutyl ketone. 250 mL water added, along with immobilized. catalyst. ` 


Base added vs. time - yo - - . arie % 
mL1N NaOH Q. 33 45 53 58 66 69 71 73 
t (h) >: O. 5 1.0 15 2.0 34. 5. 9 


(a) What rate form would you use to fit this data? ~ ee 
- (b) For expensive precursor material, the yield from precursor is very important. Thus, the 
_ ability to predict time required for 95 vs. 90% yield may be crucial. How well does the above data 
(fail to) provide this information? ma te en te ors ated ip te 
(c) Sketch a continuous process which would include high yield hydrolysis of racemate, recov- 
ery of product by aqueous crystallization, recycle of organic solvent, and evaporative recovery (for 
reracemization) from the solvent of the unhydrolyzed precursor. What fraction of the major equip- 
ment in your process is reactor- vs. separation-associated? (See H. Schutt et al. Biotech. Bioeng., 
27:420, 1985.) ; - : i l l 
11.19 Cell affinity chromatography Bone marrow contains stem cells and mature T lymphocytes. The 
former can be. constructively transplanted to a host with diseased marrow, in order to boost: the 
number of healthy marrow celis with beneficial functions. The T lymphocytes may recognize the 
- recipient host as “foreign,” and thus initiate a harmful reaction against the host’s tissues. As lympho- 
cytes possess certain lectin-binding surface receptor sites, an immobilized lectin column may be used 
to provide T lymphocyte removal from bone marrow populations. 
(a) Cell adsorption appears to depend on flow velocity, which determines both the frequency of 
-_cell-column particle collisions, v,, and the average residence time of a cell, Tp» if no binding occurs. 
Let v, vary as u”, and t, vary as u`’, (a, B > 0). Show that the Steady state coverage of cells 8, is 
-- proportional to u7~?. l , 
(b) Cell binding is suggested to depend on the formation of a critical number of cell-surface 
bonds during the cell’s residence time t on the surface. If bonds B are formed from lectin sites L and 
cell binding sites S according to the equation, te oS l l 


db 
q TU NiNs — k, - eas 


where L+ S =B and, in the cell-surface contact area, there are No and Ngo independent, diffusible 
sites of corresponding kind, : 

(i) Derive an expression for the equilibrium bond number b*. 

(ii) Integrate the rate equation for db/dt (use partial fractions method) to obtain b(t) vs. t. 

n (iti) Let boril < b*) be the number of bonds needed to irreversibly bind the T lymphocyte cell to 
the surface of the column. Derive a relationship between b,,,, and the fastest fluid velocity which will 
id: to cell binding. (See C. M. Hertz, D. J. Graves, D. A. Lauffenberger, and F. T. Serota, “Cell 
finity Chromatography for Separation of Lymphocyte Subpopulations, Bioch.- Bioeng., 27: 603, 
11.20 Membranes and maintenance for artificial organs The microencapsulation or entrapment in. 
How fiber devices of mammalian cells has been proposed for artificial, implantable organs. The 
mbrane porosity must allow outward diffusion of the desired polypeptides or protein product, yet 
ust minimize outward diffusion of other ‘nonhost proteins which could generate an antagonistic 
ponse in the host. epee ge ad, 
. (a) Estimate the desired average pore size of membranes for artificial organs to release the 


following: insulin, human growth hormone. 
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(b) The encapsulated or fiber-entrapped cells are provided with nutrients from the host; these 
nutrients would diffuse into the immobilized cell. mass to provide, ideally, sufficient food for mainte- 
nance and product formation. Taking the molecular diffusivity for oxygen to be 2o, ~ 1076 cm?/s, 
estimate the immobilized cell particle radius which gives a zero order Thiele modulus of unity for 
immobilized growing yeast (tp = 2 h); immobilized resting yeast (maintenance O, demand = 3 per- 
cent of growth demand), immobilized growing animal cells (tp = 40h), immobilized resting cell 
(maintenance O, demand = 10 percent of growth demand). Is immobilization of resting 10 um 
mammalian cells feasible-in 0.1 mm, 0.5 mm, and 2 mm microspheres? 
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BIOPROCESS ECONOMICS 
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In this chapter, we examine the continuing role which economics plays in 
bioprocess research, development, and commercialization. The first section intro- 
duces general development phases, then illustrates them with a reasonably com- 
plete fermentation example which begins with a process flow concept, works 
through process#equipment sizing, materials and utility needs, costs of initial 
plant. and of opëřations, and an estimate of profitability (return on investment). 
Subsequently, characteristic features of particular fermentation processes are dis- 
cussed, including fine chemicals, bulk chemicals, and single cell protein. In these 
examples, the relative cost importance of substrate feedstocks, equipment, utili- 
ties, and bioreactor vs. recovery sections will be examined, since identification of 
major cost areas frequently pinpoints process economic weaknesses and thereby 
indicates whether an engineering process improvement and/or strain develop- 
ment would be most logical to pursue in process optimization. 

Circumstances peculiar to each general product area will also be noted. For 
example, the expenses for new drug development (fine chemical) must also in- 
clude costs of obtaining clinical evidence for and sales approval by the Food and 
Drug Administration. Bulk chemicals from fermentation involve sufficiently large 
scale operation that a market for the incidental biomass must be found for by- 
product credit, or a waste disposal cost is incurred. Ethanol from biomass pro- 
cesses include not only fermentation and recovery sections but may also require a F 
substantial pretreatment process to hydrolyze and solubilize the biomass com- 
ponents. Moreover, different countries (including the United States) have devel- 
oped various forms. of tax subsidies or credits for étianol plants: such devices 
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ig have a clear impact on process economics. Biological waste treatment -provides 
TE the main process example for which substrate conversion (rather than biomass 


production or product formation) is the operating goal; here, biomass (cell 
sludge) disposal is responsible for a major fraction of plant operating costs.. 


12.1 PROCESS ECONOMICS 
Economic considerations play a continuing role at nearly every stage of a plant 


ization, these stages include inception of process or product idea, a preliminary 

evaluation of economics and markets, the development of any additional data 

needed for final detailed design, a final complete economic evaluation in light of 
f all data, creation of a detailed engineering design, procurement of site and equip- 
i ment, construction of buildings and process, process start-up and trial runs, and 
l regular production operation. 

Inception may arise from any source: a sales department suggestion, emer- 
gence of a competing product, a customer request, an offshoot of a current pro- 
cess, or a new idea from research and development. The idea may come 
internally from within the (eventual) production company and may be patented 

_ by the producer, or it may arise through outside patents and achieve kealizanen 
“through royalty and licensing agreements. 

In the long run, each project is expected to recover its costs and return an 
appropriate profit. Thus, an immediate need arises,.given a process or product 
inception, to carry out a preliminary evaluation of economics and market. The 
latter determines the potential market size for various assumed product prices. 
The profitability, or lack thereof, is determined from the economics evaluation ; 
which includes estimates of costs incurred to meet the assumed MAIKEL size and’ 
cae price. 

If the preliminary evaluations are promising, the decclopmeni fd data neces- 

-sary for. final design normally tcilows. This development ‘includes both market 


$ 
| 
i | design project (Table 12.1). For a project which eventually achieves commercial- 
| 
i 


Table 12.1 Stages in plänt design project 


. Inception 

. Preliminary evaluation of economics and market‘ 
. Development of data necessary for final design’ . 
. Final economic analysis _ 

. Detailed engineering design 

. Procurement — 

. Construction 

. Start-up and trial runs 

. Production — 


Oo nuaa aS Nom 


For products requiring FDA (or USDA) 
_ approval, clinical test and FDA (or USDA) applica- © 
tion and approval are included here. (see Sec. 12.2) 
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_ and cost refinement. A full market analsyis is made, and prospective. customers 
often receive final product samples to determine if the product is satisfactory and 
thus if the sales potential assumed is realistic. The cost studies include develop- 
ment of a complete plant process flowsheet, determination of corresponding capi- 
tal and operating cost, and estimation of process profit each year over the 
assumed lifetime or pay-out period. These latter results would also include a 
simple sensitivity analysis to establish the key assumed cost and performance 
measures which most strongly affect the profitability calculations, since costs may 
change significantly before a process is realized. l i 

Prior to a final detailed design, a management review provides a final eco- 
nomic analysis, in which the project is set within a larger picture for consider- 
ation. Questions asked here often include the following: How does the estimated 
profitability compare with similar estimates for other possible projects which are 
also competing for a limited pool of corporate investment capital? Does the 
proposed process build upon existing corporate technical manpower and market- 
ing strengths, or is a new path indicated, requiring new personnel? Is the process 
in an area which is likely to develop related processes, or is the area singular? 
Will the proposed process have the flexibility to be used in other related projects 
being considered or anticipated, or is the process (and the personnel) singular? 
What are the anticipated growth directions for the company as a whole, and does 


the process continue an established strength, develop technological experience 


and products in an anticipated growth direction, or spread activities too thinly? 
If this review is positive, then funds are committed for the next several steps. 

The detailed engineering design phase provides complete determinations of all 
information needed for subsequent plant construction: equipment sizing and 
Specifications, controls, services, piping configurations, and final price quotations. 
The detailed design includes production of a complete construction design: eleva- 
tion drawings, plant-layout arrangements, and any other information needed for 
actual plant construction. 

© Procurement includes purchase and receipt of land and equipment not pre- 
viously on hand, and arrangement of permits for all anticipated activities: con- 
struction, operation, utility installment and hookups, discharges (air, water), 
sewer hookups, etc. Note that appreciable lead times will be necessary, especially 
for specialty or custom fabricated equipment. 

The construction phase involves erection of the complete plant. Following 
this phase, start-up and trial runs are undertaken, including break-in and trials of 
the plant and its units, operator training, and establishment of Start-up, opera- 
tion, shutdown, and safety procedures. Full production is the final subsequent 
phase. . 

Repeatedly throughout all phases, economic assumptions are revisited and 
examined to see if the anticipated market, available raw materials, corporate 
goals, FDA or USDA approvals, or other important factors have shifted in a 
‘manner which significantly alters the economic prospects of the project. Since 
such evaluations may be demanding and complex, a standard objective method is 
typically used, e.g., a return-on-investment or related criterion. Objectivity aids in 
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obtaining. the clearest picture: a-pessimistic or excessively conservative approach 
may cause abandonment of.a project which may be the key to future corporate 
development; an overly optimistic approach can lead to expenditures which, in 
the form of a complete final plant, could be disastrous. - 


12.2 BIOPRODUCT REGULATION 


volvement of government in bioproduct regulation stems. from ‘legislated agen- 
cy responsibility for worker health and safety, consumer safety, environmental 
statutes applicable to biotechnology, and specific regulations concerning newer 
aspects of biotechnology (recombinant DNA in particular). Appreciation of the 
timing needed for regulatory approvals allows proper inclusion of costs. for such 
approvals (including clinical trials where necessary) in overall process economics. 

_The three most important U.S. agencies in regulation are the Food and Drug 
Administration (FDA), the U.S. Department of Agriculture (USDA), and the 
Environmental Protection Agency (EPA). 

Regulation of drugs, biologics, food and food additives, and dais fall 
in the FDA’s domain. New drug approval, involving animal and human tests, 
may take several years. The “new drug” category is important because. current 
(1984) interpretation regards each drug made by rDNA technology, even. if ap- 
parently identical to existing drugs, as “new,” and thus requiring approval -as 
_ effective and safe. A human biologic is “a vaccine, therapeutic serum, toxin, 


Table 12.2 U.S. Agencies involved in biotechnology regulation’ 

1. FDA 

(a) Office of New Drug Evaluation (all new drugs require animal and human testing; any rDNA 

drug products are all “new” 

. (b) Office of Biologics: clinical ‘rials required, followed by ecin of both product. and produer; 
(o) National Center for Devices and Radiologic Health: Ttegulates medical devices and medical 

diagnostics (including monoclonal antibody diagnostics, except those related to blood bank 
operation). Monocional antibody (MAb) systems currently must demonstrate paoman 

` -equivalence to prior product, rather than safety and efficacy. 


USDA 

Primary regulatory authority over animal biologics, with FDA E TE MAb andl: rDNA open 

grey areas of agency responsibility uncertainty (e.g, USDA regulates interstate. marketing, but 

; FDA may regulate intrastate conditions.) 

PA l 

koni “to identify and evaluate potential hazards and then to palate the rodinn, use, 
istribution, and disposal of these substances, including chemicals, herbicides, and pesticides.” 


HA (Occupational Safety and Health Administration.) . l 
esponsible for worker health, and safety regulation. As of 1984, no ‘bioprocess standards issued, 
> nOr regulatory stance toward biotechnology declared. 


+ Comuiiercial Biotechnology: An. inrano Analysis” Office of Technology Assessment, 
uary 1984, pp. 359-365. i i 


802 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


antitoxin, or analogous product for the prevention, treatment; or care of diseases 
or injuries.” Both the product and producer must be FDA-licensed, and product 
approval may be on a lot-by-lot basis. Similar restrictions apply to other prod- 
ucts. A brief agency summary is presented in Table 12.2. . 


12.3 GENERAL FERMENTATION PROCESS ECONOMICS 


While considerable differences clearly exist between different fermentations, the 
plant design is most easily discussed from a common flow sheet, given in 
Fig. 12.1. This simple diagram indicates that the process is largely divisible into a 
fermentation (or bioreaction) section, and a product recovery section. Upstream - 
is a section for receiving and storing raw materials, and downstream is final 
product preparation (formulation), packaging, and shipping. The individual sec- 
tion operations may each-need one or more utilities (water, gas, electricity), and 
environmental circumstances including process effluent disposal, siting, and zon- 
ing must be addressed in a full process design. . 

= Any bioprocess must be developed around a particular idea (the inception) 
for a product. For any given application, a more detailed process flow sheet may 
be prepared. To assure appropriate levels of completeness at such a stage, the 
specifications (if only for conceptual evaluation purposes) should be provided 


Laboratory Primary seed Secondary 
inoculum i seed 
Liquid storage 
: Water 
Dry raw Sterilization Production Air 
materials fermentor Steam 


Media Steam Harvest 
preparation ` vessel 


Water 


Packaging Product 
and storage 


Figure 12.1 Generalized process flow sheet. [By permission from.W. H. Bartholomew and H. B. 
Reisman, “Economics of Fermentation Processes,” Microbial Technology, 2d ed., vol. 2, H. J. Peppler 
and D. Perlman (eds.j. Academic Press, 1978, p-481.] i 
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for the following items: major substrate, other raw materials, ‘type of reaction, 
principal products and by-products, organism utilized, agitation and aeration 
requirement, special operations desired or required for bioreactor operation or 
for separation processes, and process control requirements. 

For preliminary economic analysis, it is convenient and fruitful to utilize 
costs from relatively standard sources; in a subsequent detailed cost exercise, all 
particulars must be evaluated as well. Cost analyses are typically performed on 
three bases: CAPITAL costs (bioreaction and product recovery equipment), 
PRODUCTION costs (salaries, supplies, maintenance, taxes, depreciation, etc.), 
and MATERIALS and UTILITIES costs (feedstock nutrients, additives, packag: 
ing agents and materials, electrical, gas, steam, and water needs). 

Approximate costs for equipment commonly used i in the fermentation. indus- 
tries are given in Table 12.3. Prices change with time; the Table 12.3 entries 
concern 1977 estimates obtained from appropriate manufacturers in the conti- 
nental Unites States. The scaling of process equipment costs with time is conve- 

niently accomplished (for preliminary cost estimation) with the aid of two cost 
indexes (the Engineering and News Record construction cost index, and the 
Marshall and Swift Equipment (MSE) cost index). These indices may be used to. 
scale process equipment cost estimates made in a given year to other points in 


| © time. Given the size of process equipment needs for any specific process concep- 


tion, 1977 costs may. determined from Table 12.3, and the. MSE index used to 


-Table 12.3 Typical equipment costs (1977) ` 


‘ermentors (stainless (304) with coils, one 2.75 atm rating) 


15 m? l $35,000 

113 m? $95,000 

225 m? l $165,000 
Iding tank (304 stainless steel) a . 

190 m? silo $37,000 


Installed, with instrumentation - $60,000 
ay dryers (304 stainless, steel) | 


Nominal water Installed 7 
removed, kg/h cost 

1800 a $600,000 

3200 ng $1,250,000 ` 

` 4500 ; : $1,600,000 


plete with fans, ducts, power lines, steam preheater, gas — 
mer, dryer chamber, wet collection system, bagging Set 
dings.) 


‘By permission, from W. H; Bartholomew and H. B. Reisman, 
jomics of Fermentation. Processes,” © Microbial Technology, 2d 
l. 2,.H. J. Peppler and D. Perlman (eds.), Academic Press, New 
N.Y., 1978, p. 463.] 
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Table 12.4 Approximate production costs = 
Production costs vr. nes 
Depreciation: 6.7-10% of capital (10-15-year straight line) 
Taxes and insurance: 2-6 % of capital (varies with location) ‘ 
All salaries except maintenance supervision: 70-100% of direct labor (administration, super- 
visory, Clerical, technical, engineering). 
Indirect labor: 30-50% of direct labor (includes control and quality labs, yard, materials 
handling, cleanup, etc.) 
Associated payroll costs: 20-40% of payroll l a 
Supplies: 20-30% of direct labor i ag. a 
_ Other plant overhead: 50-70% of direct labor (telephone, outside services, rentals, tools, travel, 
freight, dues, legal, medical, professional services, sewer charges, etc.) 
Maintenance: 4-8% of capital (salaries, labor and associated payroll are 50% of total) 


General cost factors ; 
. Sales/Administration/R & D 10-15% of net sales 


Provision for taxes 50% of profit 
Start-up expenses 5-10% of capital 
Working capital © 20-30% of net sales 


A aaa 

[By permission, from W.. H. Bartholomew: and H. B. Reisman, “Economics of Fermentation 
Processes,” Microbial Technology, 2d ed., vol. 2, H. J. Peppler and D. Perlman (eds. ), Academic Press, 
New York, N.Y., 1978, p. 486.] - 


update cost estimates to current years. Current price data from manufacturers is 
preferred, however. A specific process example is considered shortly. 

Production costs tend to be relatively independent of process details when the 
costs are expressed as percentages of appropriate costs. Table 12.4 presents typi- 
cal production and general cost factors for cost estimation purposes. Given total 
capital requirements and associated direct labor costs (both specific to a given 
design), the corresponding production costs are available from Table 12.4 factors. 

With the availability of capital, direct labor, production, and materials/utili- 
ties costs, a profitability analysis (return on investment) may be made. In the 
following section, we consider a complete specific example. A final subsequent 
section reviews specific economically important items related to general biopro- 
cess classes: fine chemicals, bulk chemicals, single cell protein, and biological 
methane production. 


12.4 A COMPLETE EXAMPLE 


For illustration of a fermentation product which falls in an intermediate-sized 
fermentation chemical range, we consider a hypothetical example (of a microbial 
control agent for agricultural usage) (Ref. 1) which is-characterized by the follow- 
ing: 3 a 3 l l 


ials 


vel, 
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rpi- 
tal 
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XO- 
ical 


-illustrated in Table 12.5. Notice that these costs are determined by simpl 
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l. Preliminary market research suggests that 15-25 percent of the product 

market could be available at a selling price of $2.50 per kilogram of product. 

2. Given 4.5 to 7.5 million hectares of the assumed product-related crop, the 
potential market is 13-22 million kilograms of product each year. -. 


The potential process size is now estimated: 


A large, but convenient, sized fermentor is assumed: 25 m?. The opertis 


~ volume is 180 m? of liquid. If the fermentor is on-stream 97 percent (including 


turnaround) of the total available time, then the laboratory kinetics information 
is. used to estimate production of 20,000 kg per batch (at a standardized activity 
per kilogram of product). . 

For a production per year of 17,000,000 kg and a production per batch of 
20,000 kg (estimated from lab data), we require (17 x 106/20 x 10°) = 850- 
batches per year. With a 40-h (1:67- day) cycle time (including a 4-h turnaro md), 
a single Terimentor can provide 365/(5/3) day = 216 batches per year. Thus, 
number of 225 m? fermenters needed is eyes 4.. 


~ With this process basis established: a teedii usage- and cost 
structed by scaling laboratory data and by considering prior or publish 
ence with raw materials and product formulation ingredients. The res 


chiometry calculations, starting from lab data on fermentation product :yie 
from a given quantity of nutrients, and from formulated product’ composition 
(active ingredient (fermentation product), diluent, stabilizer, sticker, anticaking 
agent, etc.); in other words, these costs are independent of the internal process 
structure chosen for the fermentation and recovery operations. 

The development of a particular process design which can take the materials 
inputs of Table 12.5 and yield the assumed product rate [17,000,000 kg/year from - 


4 mai lermentors ) is now considered pane Aep of economic mE 


1 A particular sequence of unit operations is set out to ‘provide the plant size 
_ needed; from this process flow diagram the total capital equipment costs can 
be calculated from the data of Table 12.3. From literature guidelines, and 
_ from past operating experience, we calculate the manpower needed to oper- 
ate the major equipment, leading to a direct labor cost calculation. l 
. From the process flow sheet which indicates the explicit equipment sizes and 
number, the individual needs for steam, process water, wash water, tower 
- (cooling) water, sterilized air, electricity, natural. gas, or other fuel are identi- 
fied. Their summation over -all process components provides a utilities 
(steam, water, fuel, electricity) cost estimate. (From. this same detailed flow 
sheet, a point-by-point indication of materials feed rates and product, by-: 
product, and waste product flows is constructed; a final detailed scheme must - 
indicate usage and/or disposal costs of all process exit streams.) Í 
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Table 12.5 Materials usage and cost 


Basis 
Production fermentor volume E 225m? 
Operating volume l 180 m? 
Number of fermentors l 4 . 
Stream factor 97% 
Cycle time (including 4-h turnaround) 40h 
Production: batch l 20,000 kg (standard activity) 
Batches per year 850 | 
Production per year _ E i 17,000,000 kg _ 
Raw materials : 
Unit cost, Cost, : 
kg/batch $/kg $1000 k 
Fermentation l ; 
Molasses 11,475 0.07 683 l 
Adjuvant solids 3,668 0.30 935 4 
Miscellaneous salts, etc. 922 0.70 (avg.) - 549 q 
| a 5 Subtotal: 2167 3 
Formulation ; 1 
Diluent 9100 (030002 2320 F 
Stabilizers 100 2.00 170 T 
Sticker 400 0.50 170 P. 
Anticaking agent 400 0.24 82 : 
= Subtotal: 2742 : 
Packaging = 
a 25 kg/bag 0.40/bag 272 


Total: $5181 


[By permission, from W. H. Bartholomew and H. B. Reisman, “Economics of 
Fermentation Processes,” Microbial Technology, 2d ed., vol 2, H. J. Peppler and D. 
Perlman (eds.), Academic Press, New York, N.Y., 1978, p. 463.] ` 


3. With the direct labor costs and total capital costs (fermentation process 
equipment, utilities and materials and product storage as needed, engineering 
and construction costs, and contingency allocation) available, the appropri- 
ate production cost estimate is prepared from the guidelines of Table 12.4. 


A Aa A FAAPE A AMON SL! opii D a 


With the available. costs for direct labor, equipment, materials, utilities, and 
production, a profitability analysis is then carried out for the base case assumed 
above, and for a group of related cases where the initial result is tested for 
sensitivity to major variables (selling price, market volume, capital cost, plant LE 
size). 3 7 ee Bi 


nt 
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Laboratory 
‘| - inoculum `- 
Exhaust air 


me Process H,O 
Raw material : Medium Seed Power . 
nma preparation tanks (3) Steam 


Tower H,O 


t 

F . `Stenile air 
E l a Exhaust air 
I(E - aE : À ot Process H2O 

E Formulation l i l Production Power. 
E materials ili fermentors (4) Steam č ' E 
= i Tower H20 
; oF a Sterile air ` 


Steam Process Tower 
H0 


H0 i 


Steam 


Evaporator Culture 


. Wash H2O (double effect holding 
Condenser w. recomp.) (1) tank (1) 
H,O - 


‘| Concentrate. Wash holding 
_ [holding tanks (2) tank (1) 


Wash H,O 


Holding bin (1) 
_ Blender) 


‘Holding ` Packaging 7 
bins (2)  . [ and shipping | 


gure 12.2 Example process flow diagram. {By permission, from W. H. Bartholomew and H. B. 
eisman, “Economics of Fermentation Processes,” Microbial Technology, 2d ed., vol. 2, H. J. Peppler 
dD. Perlman (eds.), Academic Press, 1978, p. 488.] 


We now consider specific illustrations of a process flow sheet, and estimation 
required capital, direct labor, utilities, and production costs, and of return . 


A. process flow diagram (Fig. 12.2) for the example under consideration is 
ply an. appropriately detailed version of a general fermentation process (Fig. : 
This particular example must identify the flow sequence of operations, the . 
mber of. identical units and types of utilities needed for each unit operation. ~ 
The steam, air, water, waste gases (CO,, HO), and solid (biomass) waste - 
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rates are closely keyed to the materials processing rates. Consequently, explicit 
utility and disposal needs may conveniently be indicated on a detailed material 
balance flow sheet (Fig. 12.3). Here each individual unit operation has specific 
mass flow and compositions indicated for all streams, whether regarded as raw or 
formulation materials, utilities (water, steam, air, gas), product, or waste. Electric- 
ity needs are determined from power needs of the individual units, typically by 
direct consultation with equipment, manufacturers. 

The capital investment estimate for the major equipment of the process in 
Fig. 12.3 is presented in Table 12.6. The allowances for instrumentation, process 
piping, and buildings for the fermentation and processing (product recovery) 


sections are estimated as standard percentages of major capital equipment. Ulti- - 


. mately, all equipment costs are expressed on an installed basis. The total major 
equipment costs for the process in Fig. 12.3 may be described as approximate 
percentages of total fixed capital: fermentation capital (61 percent), product 
recovery and formulation (26 percent), and utilities and tankage (13 percent). 
_ Estimated engineering and construction costs, and a contingency fund, are taken 
as 20 percent each of the total fixed capital (installed equipment costs plus asso- 
ciated instrumentation, process piping, and buildings). 

The size of the utility plant needed to support the proposed process is calcu- 
lated from summing the individual utility consumption rates indicated in Fig. 
12.3; the result is given in Table 12.7. The processing section consumes 84 per- 
cent of the steam, 73 percent of the electricity, and 100 percent of the natural gas, 
while the fermentation section accounts for 100 percent of the process water, and 
84 percent of the tower (cooling) water. Patently, energy optimization of the 
overall process is keyed to the processing (fermentation product recovery) sec- 
tion. Since nearly all of the utility requirements of this process section are for 
- removal of water (concentration, evaporation), the continual fermentation pro- 
cess concern with development of new microbial strains to increase broth product 
concentrations is easily understood. The economic implications of this central 
theme were cited earlier in the separations chapter. We note the ubiquitous mis- 
cellaneous and contingency percentage (33 percent) used. The total utility needs 
are summed for each type, and the cost of an installed utility plant of appropriate 
capacity is indicated on the bottom line. Note that the assumed size of the 
installed plants is larger than the estimated value (including contingency) by 
from 14 percent (tower water) to as much as approximately 50 percent (steam, 
electrical plants), presumably representing allowance for flexibility of process 
and/or of the size of available commercial utility units. 

The total capital investment is estimated to be $20,484,000 (exclusive of land) 
for a plant utilizing 4 x 230 = 920 m? (9.2 x 10° liters) of installed fermentation 
capacity. With $1,550,000 for plant utilities, these two costs correspond to ap- 
proximately $24 per liter of installed capacity. This result may be compared with 
an order of magnitude fermentation plant citation of $20 to $50 per liter of 
installed capacity at 1977 prices. Assuming an average cost increase of 10 percent 
per year since 1977,.the 1986 cost range would be 135. percent higher, « or $47 to 
$118 per liter of installed capacity. 
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Seed medium kg 


Molasses (2.5%) . 225* 
Adjuvant (0.75%) 68 
Salts, etc. (0.25%) - 22°] 7 
Water 86,85 


E *At 78-80% solids 
ad = 180 kg solids 


Medium makeup | 
Total 9, 000 kg 


Sterilization - 
Batch i 
121°C for 30 minutes 
Steam to coils 


& 


Seed inoculum—5 kg 
(from laboratory) 


‘Seed fermentation 
Temp., 32°C 
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24 h total 
Fermentor medium kg = 7 
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2.25 m?/ minute rate 
[11,500 kg Total 171,500 kg 
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Temp.. 32°C 
Air, 30 m?/min 
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è 4 h, down . i 
? _— 
l Antifoam-0.1% use £ Diba oe o Con H0) 
g | 180 kg Initial 180,000 . >| 8,000 kg 
a At harvest . 
z Water 162,000 kg i 
Solids 10,000 
r Total 172,000 
t — 
i Concentration Water 122,800) 
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e 
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Solids 200 
y 
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Table 12.6 Capital investment estimate—cost (in thousands) 


Fermentation # Size Unit ___Extended/Inst. _ 
Formulation tanks 2 38 m3 $15 $30 
Agitator . 2 3.75 kW 4 p 8. 

| Continuous sterilizer 1 2.25 m?/min 100 | 100 

i Compressors 2 85 m?/min 225 450 

| Antifoam system’ 1 , 100 100 

| Seed tanks 3 15 m? 35 105 

| Agitator 3 19 kW -14 42 

i Production fermentors 4 225 m? 165 660 

i Agitator 4 150 kW 70 280 

| Holding tanks 2 190 m3 40 80 

Pumps re 150 

| Separators 100 

i Special equipment . 

; Major equipment subtotal . $2,105 . 
Installed costs: (2.5 x major equipment) | $5,263 
Instrumentation: (10% of major equipment)) 526 
Process piping: (20% of major equipment) 1,053 
Buildings: mixed outdoor/indoor: (40% of major equipment) 2,105 

Fermentation capital total $8,947 
a ene ern 
Processing # Size Unit Extended Installe 
Evaporator 1 18,000 kg/h $400 $400 ` $600 
Holding tanks 3 75 m3 24 72 180 
Holding bins 3 75 m? 24 72 180 
Blender 1 15 m3 75 
Vibrating screen 1 4 m?, 3-deck 50 
Process equipment subtotal: l $1,085 
Instrumentation: 10% of process equipment oe, 109 
Process piping: 20% of process equipment 217 
Buildings: indoor construction (75% of process equipment) 814 
Subtotal $2,225 
Spray dryer 1 4,500 kg/h 1070 1070 $1,600 
Process capital total $3,825 


i 7 a - 4 A 
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Table 12.6 (continued) Capital ‘investment estimate—cost (in thou- >i 


sands) 
# o o. Unit _ Extended Installed 
Utilities: (major addition at site at 20% of installed. Major equipment) $1,590 
Molasses storage tanks 2 -2800 m? 270 
© Subtotal: ` -$1,860 
Total fixed capital $14,632 
Engineering and construction (20% of total fixed capital) $2,926 
Contingency: average, 20% (process subject to change) $2,926 | 
Total capital investment (exclusive of land) $20,484 


Notes: Instruments, piping, buildings, utilities basis Chilton factors (1949). Engineer- ` 
ing and contingency: Chilton (1949) 


[ By permission, from W. H. Bartholomew and H. B. Reisman, “Economics of . 
Fermentation Processes,” Microbial Technology, 2d ed, vol. 2, H. J. Peppler and D. 
Perlman (eds.), Academic Press, New York, N.Y., 1978, p. 463.] 


Table 12.7 Fermentation plant utilities 


Process Tower 


Steam, water, water, Electrical, Gas, 
| 

| 7,000/batch 9 300 300 
; l 25,000 147 6,000 5,700 
i 53,000 i? eee 1,200 650 

! 120,000 8 taeeeeeee eeaeee 5,400 ‘1800 
ere ET eiebeeee aseak 9,250 
Beetemeetee a dobie aidaa 900 

205,000 156 7,500 22,200 1800 

eous and contingency (33%) 68,000 52 2,500 7,325 600 

273,000 208 10,000 29,525 2400 

636,000 484 23,300 68,800 5600 
1,000,000 ee 27,000. 100,000 

ledt costs ($1000) 600 100 450 373 25 


M icrobial Technology. 2d ed., vol. 2, H. J. Peppler and D. Perlman ( eds. h Academic Press, New 
LY., 1978, p. 463.] 
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Table 12.8 Direct labor requirements 


Per shift 
aa 
Fermentation ‘3 
Evaporator 1 
Dryer 1 
Blending 1 
Packing and shipping 2 

Total/shift 8 

Total/4 shiftst 32 
Wages/operator $16,000/yeart 
Total direct labor $512,000 


t 168 hours/week + 4 = 42 hours/week /opera- E 
tor. Each operator thus has the equivalent of 42 
hours straight time pay built into the schedule. 
(1978 rates.) 

[Reprinted by permission from W. H. a 
Bartholomew and H. B. Reisman, “ Economics of l : i 
Fermentation Processes,” Microbial Technology, H. F, 
J. Peppler and D. Periman (eds.), 2d ed., vol. 2, 
Academic Press, Inc, New York, N.Y., 1979, p. 
463.] 


umns B-E is evident. l 
The end results of these estimation schemes are eight simple tables and two 
diagrams which constitute the completion of data necessary for a final design 
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Table 12.9 Production cost estimate 


— Bae 


Raw material Cost, in thousands 
Fermentation $2167 
Formulation . 2742 
iba Packaging 272 
T Subtotal $ 5,181 
i | Payroll charges z i 
A Direct labor $ 512 
co Indirect labor (40% of direct labor) 205 
D g Salaried payroll (85% of direct labor) 435 
i Associated payroll costs (30% of payroll) 346 
Maintenance salaries, labor and associated (3 % of capital) 615. 
Subtotal - $ 2,113 - 
Supplies and expenses ; k 
; Maintenance (3 % of capital) $ 615 
ve Supplies (25% of direct labor) . 128 
: ‘Subtotal . . $ 743 
; Utilities a 
Steam: $8.50/100 kg x 273 x 850 $1942 
Electricity: $0.035/kWh x 30,000 x 850 893 
Water: $0.008/m? x 10,000 x 850 68 
Gas: 2400 m? x $0.09/m> x 850 184 
Subtotal $ 3,117 
Other costs TE 
- Depreciation (12 years) Š oe $1708 
-Taxes and insurance (4% of capital) i 820 
Other plant overhead (60% of direct labor) 307 
' Subtotal $ 2,835 


Total . $13,989 


. $0.82 per kg | 


f Reprinted by permission from W. H. Bartholomew and H. B. Reisman, “ Economics of 
entation Processes,” Microbial Technology, H. J. Peppler and D: Perlman (eds. ), 2d ed., 
2 Academic Press, Inc., New York, N.Y., 1979, p. 463.] . ey ee 


stage 3, Table 12.1). At this point, the results obtained are typically moved to 
Ranagement consideration for a final economic analysis (stage 4, Table 12.1). 

A brief aside is appropriate here regarding the interaction between manage- 
and engineering. The nature of management planning (or, for that matter, 
human essay on long- or short-range planning) is illustrated by -a summary 
ig.. 12.4, The. economic and process analysis materials presented in this 
aapter are part of the information flow which management must consider. Tell- 
catures in Fig. 12.4, however, are the two feedback loops on management 
W of processes.. While the first (short-range) will be dominated by quantita- 


nalyses of the type in Tables 12.4-10 and Figs. 12.1-4, the second is strongly 
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D. Periman (eds.), 2d. ed., vol. 2, Academic Press, Inc., New York, N.Y., 1979, p. 463. 
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Forecast demand and supply data | © 
for functional aggregates 


Estimate supply and demand 
for primary raw materials and 
finished molecules 


Short-range 
planning 


Allocate available process capacity 
by solution of industry wide model 


Estimate opportunity for 


Long-range 
long-range strategic moves 


planning 


Synthesize new 
process technology 


Change capacity 
of industry 


f Figure 12.4 Flow of information in industrial development model. ( By permission, D. F. Rudd,“ Mod- 
| elling the Development of the Intermediate Chemicals Industry,” The Chemical Engineering Journal, vol. 


< 9, p. 11, 1975.) vonage Sera oe 


. guided by larger strategic and tactical questions as mentioned at the outset of 
„this chapter: Is the area of the proposed process one which may expand or 
contract in time? Is it one in which the company has prior experience and market 
Outlets? Is it most interesting to produce the product internally, or to license the 
„concept to another company? How stable are the raw materials and energy 
urces? What is the price of money needed for construction? While many. of 
hese questions lack clear answers, it is the responsibility of management to make 
he proper decision regarding process development and construction in the face 
resent and anticipated conditions. pn I 

With a fully described process example in hand, we can now sensibly con- 
í particular examples of extant (proven): commercial processes and of emerg- 
por potential processes. `> © >> 


INE CHEMICALS 


: tegory fine chemicals within the context of biotechnology is broadly inter- 
êd to include bioproduction of high ‘value molecules (vitamins, hormones, 

s, antibiotics, monoclonal antibodies, etċ.) and bioconversion of high value 
ng materials (antibiotics, steroids, etc.) to yet more valuable products. Pro- 
haracteristics vary commonly from one example to the next. Some products 
-trace levels, others such as penicillin may exceed 50 g/L in the final 
f the final product is to be administered medically or ingested with food, 
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then product purification may be crucial and often costly, as in removal of pyro- 
gen from E. coli molecular products, or removal of impurities to allow clean 
crystallization of, e.g., penicillin. 


12.5.1 Enzymes s 


Production of enzymes for food, medical, diagnostic, and pharmaceutical applica- 
tions is extensive as we have discussed previously in Chap. 4. The total U.S. 
industrial enzyme market in 1977-1978 was 50-55 million dollars. A recent esti- 
mate of world industrial enzyme market appears in Table 12.11. Note that deter- 
gent protease, two amylases, pectinase, and glucose isomerase together claimed 
88 percent of the total market in 1977-1978. 


12.5.2 Proteins Via. Recombinant DNA 


The three earliest products available via recombinant E. coli in clinically signifi- 
cant amounts are human insulin (1979), human growth hormone (1981), and 
human leukocyte interferon (1981). Human insulin and a vaccine against E. coli 
scours disease in newborn piglets were on the market in 1984, with numerous 
other products in various stages of commercial development. The economic 
assessment of these.various products must include: 


1. Initial research and development costs: these products are among the first 
from a new generation of biotechnology industries. Early products must pay 

-- for recovery of a (considerable) initial investment in laboratory, personnel, 

~ and production facility. . 

2. Cénventional bioreaction and product recovery costs of the actual produc- 
tion process. 


Table 12.11 World industrial enzyme production (1977-1978) 


oes ian Amounts produced per year, Relative sales 
Enzyme... _ _7 - ‘tons of pure enzyme protein value, % 
Bacillus protease 500 = 4 
Glucoamylase 300 14 
Bacillus amylase 300 12 
Glucose isomerase 50 12 
Microbial rennet 10 7 
Fungal amylase 10 3 
Pectinases _ l 10 10 
Fungal protease l 10 l 1 


Other _ l e EEE, ae 1 | 
— a a ~ - 

-- [After K. Aunstrup, O. Andresen, E. A. Falch, and T. K. Nielsen, “ Produc- 
tion of Microbiol Enzymes,” Microbiol Technology, 2d. ed., vol. 1, H; Peppler 
and D. Perlman (eds.), Academic Press, Inc., 1979, P. 283. Reprinted by permis- 


sion of Academic Press, New York, N.Y.] 
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3. Recovery of costs for clinical testing and other procedures required by the 
U.S. Food and Drug Administration, U.S. Department of Agriculture, or 
other corresponding agency. l 


The bioreaction step is a relatively standard: process, though exceptional 
interest arises with respect to contamination and problems associated with sta- 
bility of the recombinant plasmid (Chap. 6). In the recombinant DNA approach 
(Chap. 6), a host-vector system is chosen. Only a small number of hosts are 
currently used or under serious consideration for industrial: application (E: coli, 
Saccharomyces cerevisiae, several mammalian cell lines, perhaps Bacillus subtilis, 
and several Pseudomonas species). The host species imparts its character to 
the overall bioreactor and recovery design. For E. coli, for. example, the simple 
genetics, good characterization, and. high growth rate are advantages. Known 
bioreaction and recovery problems associated with E. coli hosts are: 


1. E. coli contains at least eight soluble proteases: these may have played a role 
in observed degradation of the expressed recombinant proteins somatostatin 
and human growth hormone. Their influence is countered during product 

. ,.fecovery by use of the protease inhibitor Phenyl methyl sulfonyl fluoride 

- which is effective against serine proteases but not metalloenzymes. Minimal 
iron levels diminish metalloenzyme protease activity, but induce a metal 
complexation agent which may hinder product purification. . Tos 

Il envelope lipopolysaccharide is a very powerful pyrogen, which provides 

er responses even at 0.5 ng/kg body weight (one-half part- per trillion). 

rious use of E. coli for L-asparaginase production revealed product- con- 
amination by such pyrogens. _ | 


e separation processes for these early products were given in Fig. 11.39. 
arge quantities of individual proteins expressed in E. coli tend to accumu- 
tefractile body precipitates of partially denatured products, special solubi- 
and refolding processing steps are needed. Subsequent purification 

iromatographic methods familiar at least” on laboratory scale. The 
immunosorbent synthesis and its use in purification for interferon and 
production is novel; this technique was discussed in Chap. 11. 
cial impact of recombinant DNA (rDNA) products will be spread 
areas (pharmaceuticals, agriculture, specialty chemicals, etc.). The 
elopment in each area may be generally keyed to the product selling 
echnical complexity of the rDNA project, as is suggested by Fig. 12.5. 
ue pharmaceutical example is insulin, for which the U.S. and European 

1ay double by 1985 (from 1981) to two-thirds of a billion dollars. 
:Genentech’s rDNA work and Lilly’s own thorough familiarity with 
and regulatory procedures to achieve FDA approval for human 
ur years. The extent of hI replacement of pig and cow insulin is 
nig determined. [ore . 


finan 
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ae: Bg ENS eg Technical 
$ Value complexity 


Pharmaceuticals 
$10,000+/g 


Large scale 
bioreactors 


Animal health 
$100+/g 


Multiple gene, 
other hosts 


Enzymes 
$1-100/b. 


Speciality- 
chemicals 
$1-50/lb. 


Single gene, 


Commodity chemicals 
E. coli 


- $5 Ib. 


Early 1980 Mid to late 1980s 1990s 


Figure 12.5 Approximate timing of development of (DNA products. (After W. Hustedter, Genentech, 
Inc., by permission, 1985.) 


Other high value products undergoing rDNA research and development in- 
clude regulatory proteins (interferons, human and animal growth hormones, neu- 
roactive peptides, and lymphokines), blood factors (human serum albumin, 
antihemophilic factor, thrombolytic and fibrinolytic enzymes), vaccines (viral and 
bacterial), and antibiotics. Even high-value items have an uncertain rDNA fu- 
ture: a typical U.S. animal vaccine market is $5-10 x 10° per year which may be 
an insufficient single product to maintain a company; consequently development 
of several animal vaccines could be necessary. l 
~ The overall potential impact of rDNA technology is staggering, as virtually 
all areas of biotechnology may be strongly affected. The pace of R & D efforts in 
the early 1980s is extraordinary; a complete survey of present and potential 
technology and markets is provided in the 1984 OTA report; Commercial Bio- 
technology: An International Analysis. (See Ref. 2). 


12.5.3 Antibiotics 


Secondary metabolism products which inhibit growth of other microbial species, 
even at low levels, are called antibiotics. Uses for antibiotics are found in antimi- 
crobials (human disease), antitumor agents, fungicides and pesticides for plant 
protection, animal disease and animal growth products, and research. Total 1980 
estimated world annual production and sales were above 10° tons and 4 billion 
dollars, respectively. Screening, mutation, and other microbial research activity in 
antibiotic production continues to be a major area of industrial microbiology. 
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More than 6000 antibiotics are known, of which nearly 100 are produced com- 
mercially via fermentation. 

Antibiotic classifications are based on breadth of aaeoa action (broad 
vs. narrow range), basis of activity (mechanisms), source (producer strain), bio- 
synthetic pathway, and molecular structure. Table 12.12 summarizes the major 
structural groups. 

The full interaction between medium formulation, microbial activity, and 
synthetic organic chemistry is well illustrated in commercial penicillin produc- 
tion. All penicillins (e.g., Table 12.13) 'have the same general 6-aminopenicillanic 

acid (6-APA) structure, consisting of a 5-member thiazolidine ring, an associated 
4-member f-lactam ring, and an acyl (R— CO—) side chain on the lactam ring. 


O: 

E os A ja 
od d | ~CH; 
: O=C——N* ICa s 
i | “COOH 

o © H. 

Acyl ! ß-Lactam : Thiazolidine 

side ‘ ring ' ring 

chain | a ‘ 


The natural penicillins are produced microbially from a useful medium formula- 
tion; Penicillin G (Table 12.13) is a major example. Addition of side-chain pre- 
cursors to the medium formulation allows change in the dominant acyl group 
substituted on the 6-APA structure; penicillins V and O are some of the conse- 
-quent biosynthetic pencillins. Enzymatic removal of the acyl group, followed by 
4 synthetic organic chemical substitution yields a semisynthetic penicillin. Such 
ynthetic substitution has improved the breadth of antimicrobial effectiveness, 
esistatice to natural Seeradetion: of B-lactamases, and acid stability of the anti- 
iotics. 
Copom are B-lactam antibiotics with a dihydrothiazine ring and 3 
bstituent groups R,, Rz, and R,; advantages of these antibiotics include a 
ad spectrum of antimicrobial activity, low toxicity, and resistance to. natural 
cillinases. 


R, R3 
wr 22S 
oy 
O=C—N ee. 
Ce “CH; —R, 


Cephalosporin structure 


misynthetic cephalosporins are . produced in two. ways: D side- dan 
es, to give the precursor 7-aminocephalosporanic acid (7-ACA) with 


-820 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


Table 12.12 Classification of antibiotics according to 
their chemical structure. An example of each is given 


in parentheses 


1. Ca bohydrate-containing antibiotics 
Pure sugars: 
Aminoglycosides 
Orthosomycins 
N-Glycosides 
C-Glycosides 
Glycolipids 


N 


Macrocyclic lactones 
Macrolide antibiotics 
Polyene antibiotics 
Ansamycins 
Macrotetrolides 


tw 


- Quinones and related antibiotics 
Tetracyclines 
Anthracyclines 
Naphthoquinones 
Benzoquinones 


4. Amino acid and peptide antibiotics 
Amino acid derivatives 
B-Lactam antibiotics 
Peptide antibiotics . 
Chromopeptides 
Depsipeptides 
Chelate-forming peptides 


5. Heterocyclic antibiotics containing nitrogen 
Nucleoside antibiotics . 


6. Heterocyclic antibiotics containing oxygen 
Polyether antibiotics 


7. Alicyclic derivatives 
Cycloalkane derivatives 
Steroid antibiotics 


8. Aromatic antibiotics 
Benzene derivatives 
Condensed aromatic antibiotics 
Aromatic ether 


9. Aliphatic antibiotics 
Compounds containing phosphorus 


[By permission from W. Crueger and A. 


(Nojirimycin) 
(Streptomycin) 
(Everninomicin) 
(Streptothricin) 
(Vancomycin) 
(Moenomycin) 


(Erythromycin) 
(Candicidin) 
(Rifamycin) 
(Tetranactin) 


(Tetracycline) 
(Adriamycin) 
(Actinorhodin) 
(Mitomycin) 


(Cycloserine) 
(Penicillin) 
(Bacitracin) 
(Actinomycins) 
(Valinomycin) 
(Bleomycins) 


(Polyoxins) 
(Monensin) 


(Cycloheximide) 
(Fusidic acid) 


(Chloramphenicol) 
(Griseofulvin) 


(Novobiocin) 


(Fosfomycins) 


Crueger, “ Biotech- 


nology: A Textbook of Industrial Microbiology,” (English edition J 


Science Tech, Inc., Madison, WI, 1984, P. 198. ( 


Appl. Microbiol, vol. 18, p. 309, 1979.) ] 


After J. Berdy, Adv. 
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Ri =NH;, R, = acetate, R3=H, and subsequent acylation, and (2) by ring ex- 


pansion of penicillin (a metabolic pathway precursor) to 7-ACA and subsequent 


modification. 


: a 
~CH—CH—CH,OH 


_O,N 


P-Nitrophenol Propandiol 


Chloramphenicol structure 


vania pair of researchers recently completed synthesis of efrotomycin, a molecule 


with 21 stereocenters. Thus, antibiotic process economics may be guided by a 


purely biological process, a mixed biological-synthetic approach or a wholly syn- 


Production methods for antibiotics were reviewed in Chap. 11 because exten- 


12.5.4 Vitamins, Alkaloids, N ucleosides, Steroids 


In addition to Proteins (enzymes). and antibiotics, many other complex metabo- 
lites are produced by microbes; a few Processes are of both commercial interest 
and competitive or better than straight chemical synthetic routes. 

- Of the microbially synthesized vitamins [B,,, riboflavin (B2), thiamine, folic 
acid, pantothenic acid, pyridoxal], only B,, and B, are produced microbially, 
and the latter have been Progressively displaced by synthetic routes. Vitamin 
B2, also called cyanocobalamin, is synthesized exclusively by microbes in 
nature, yet is required by all animals. While microbial flora of the large intestine 


can synthesize B,., its assimilation by humans does not occur, hence it must be 


lamin, hydroxocobalamin, coenzyme B,,,. and methylcobalamin), and the bal- 
ance went to animal food (to supplement vegetable protein source B, content). 
_ Propionibacteria (freudenreichij and shermanii) are used primarily (Table 
12.14) in a batch process employing two phases: a 2-4 day anaerobic operation 


IF 
2 
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- Table 12.14 Characteristics of microbial processes for vitamin B,, production’ ` 


B,, yield, 

Microorganism Ingredient of medium mg/L Comments 

—_ SSS 

Bacillus Beet molasses; ammonium 0.45 18-h fermentation 

megaterium phosphate; cobalt salt; f ` _ (aerated) 
` inorganic salts- 

Propionibacterium Corn-steep liquor; glucose cobalt’ 19 6-day fermentation (3 

freudenreichii salt; maintained at pH 7 with _ i days aerobic + 3 days 
-NHOH l anaerobic) 

P. freudenreichii Corn-steep liquor (or autolyzed 8 Continuous two-stage 
penicillium mycelium); glucose; _ fermentation; 33-h 
cobalt salt; maintained at pH 7 i retention time ` 

l l with NHOH l i ia È 

Propionibacterium ‘Corn-steep liquor; glucose; cobalt ` 23 7-day batch fermentation 

shermanii - - salt; maintained at pH 7 with . eign i - (3 days anaerobic + 4 
l NH,OH 3 . ` days aerobic) 
l Streptomyces Glucose; soybean meal; distiller’? .. 3.3 --- 6-day fermentation 
olivaceus solubles; cobalt salt; inorganic . (aerated) © 
salts so Beg 

Streptomyces sp. Soybean meal; glucose; cobalt ST” 2, 6-day fermentation 

salt; K,HPO, © (aerated) `- 


t From H. J. Peppler (ed)., Microbial Technology, p. 286, Reinhold Publishing Corporation, New 
York, 1967. 


followed by a 3-4 day aerobic stage. The anaerobic product (5’-deoxyadenosylco- 
binamide guanosine phosphate) is coupled with the aerobic product (5,6-di- 
methyl benzimidazole) to give, ultimately, the desired vitamin B,,. Recovery 
involves heating (to release cell-bound vitamin B, ,), and chemical conversion to 
stable cyanocobalamin. A continuous, two-stage analog has also been effected. 
Pseudomonas denitrificans also produces B,, in a one stage ‘process; cobalt and 
5,6-dimethyl benzimidazole are also added. A dozen years of strain improvement 
have moved yields from 0.6 to 60 mg/L. Sugar beet molasses, providing Inexpen- 
sive betaine, is used. Activated sludge in waste treatment is also a B,, source 
(4-10 mg/L), but IEEONEIY is difficult- gue to cost of resolution of many Pis 


analogs. 


Pharmacologically active ergot alkaloids are produced bi the fungi Clavi- 
ceps. While a complex chemical path is known, and propagation by rye infection 
is also possible, submerged fermentation cultures can achieve yields in excess of 
5 g/L. Strain degradation is a common problem. Because of mixing envy, 
and high oxygen demand, scaleup is not straightforward. 

Nucleosides and nucleotides are used as flavor enhancers in food: The most 
effective substances are the purine 5’-monophosphates: guanylic acid (5'-GMP), 
inosinic acid (5'-IMP) and xanthylic acid (5’-XMP). Sodium glutamate has a 
synergistic flavor-enhancing action with these 5‘-monophosphates (see organic 


824 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


acids Sec. 12.6.3). Aponte 3000 tons per year of 5’-IMP (66%) and 
5'-GMP (34%) are produced annually in Japan. Since nucleoside synthesis. is 
normally feedback regulated, overproduction requires either auxotrophic mu- 
tants with addition of growth-limiting end product or development of purine- 
analog resistance to regulation. The commercial products are ultimately 
produced either microbially (as discussed above) or by hydrolysis of cellular 
RNA (either in vitro using yeast RNA and microbial enzymes or in vivo using 


endogenous enzymes followed by mononucleotide excretion). 


Biochemical conversion effected by microbes or enzymes is commonly called 
bioconversion or biotransformation. Microbial catalysis provides four advantages 
vs. nonbiological conversions: specificity of substrate, regiospecificity (selectivity 
among groups on same molecule), stereospecificity (racemate resolution; recall 
immobilized L-aminoacylase process, Fig. 4.12), and mildness of reaction condi- 
tions. The disadvantages, where competitive possibilities exist, are requirement of 


cell viability “during conversion and cost of product recovery from a complex 
mixture. Steroid conversions typically involve very selective partial oxidation at 
one position on the typical basic steroid structure (e. g., progesterone). 


O)CH 
cpu, GO 3 


CH, 


Progesterone 


$ 


ase 
BMG; 


For p, achievement of the very selective microbial 11-B-hydroxylation of 


progesterone allowed ultimate diminution of cortisone cost from $200/g (1949) to 
one (1979). 


‘Progesterone —_————— cortisol ——— cortisone 
11-B8-Hydroxylation 


Medium and propagation conditions for such bioconversions appear in Table 
12. 15. Noteworthy items are the timing of precursor addition and the long con- 
version times.. Applications for natural and derivatized steroid and sterols include 
therapeutic uses (estrogens, progesterone, and androgens); contraceptives (deriv- 
atized estrogen and progesterone), sedatives, antitumor therapy, veterinary prod- 
ucts, anti-inflammatories for skin diseases and arthritis. (cortisone), and 
medication for controlling sodium retention/potassium excretion. Use of immobi- 
lized cell and immobilized enzymes, as well as hybrid biological/synthetic routes, 


have characterized recent essays involving thousands of steroid-sterol conver- 
sions. 


ava ws patience teases baad deh ates 


veers acne 


Table 12.15 Conditions for operation of several steroid and sterol transformations 
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826 BIOCHEMICAL ENGINEERING FUNDAMENTALS 
12.5.5 Monoclonal Antibodies (MAb) 


When a foreign molecule (antigen) is injected into an animal such as a mouse, the 
animal’s immune system will often recognize the foreign molecule and produce 
specific antibodies which complex very selectively with the antigen, thereby de- 


activating it and/or tagging it so that other body functions will recognize the 


complex and remove it from circulation. Typically, antibodies are produced in 
specialized cells known as B lymphocytes (spleen, blood, lymph); a characteristic 
immune response will produce a number of antibodies (i.e., a mixture) to a given 
antigen. Each B lymphocyte produces (only) one kind of antibody. These cells 


(e.g, spleen) can be removed and cultured, external to the mouse, to produce 


antibody. The resultant multicelled propagation has two disadvantages: the cells 
produce a number of different antibodies since the culture is polyclonal; i.e., 
derived from a number of spleen B cells, and the cells tend to dedifferentiate or 
regress and lose their specific antibody production facility. These two problems 
are overcome by the technique of cell fusion (Sec. 6.2.3) whereby a productive 
lymphocyte cell may be joined to a rapidly growing myeloma (tumor) cell to 
produce a hybridoma cell. The hybrid cell can grow rapidly; this fact allows 
subsequent cloning to isolate individual cultures derived from a single lympho- 
cyte cell. The result is a continuously growing or “immortalized” propagation, 
producing only a single kind of antibody, hence the term monoclonal antibody 
(MAb). . 

MAb technical applications have appeared rapidly in commercial use in the 
1980s, primarily because the earliest major products, in vitro medical diagnostic 
kits, did not require the level of testing needed for in vivo applications. Potential 
use for in vivo diagnosis, prophylaxis, and therapy will be subjected to the same 
tighter agency requirements pertinent to biologics and drugs (Sec. 12.2). 

. The driving forces for MAb-based diagnostics are several. (1) Time savings: a 
number of diseases were previously diagnosed by time-demanding sample cul- 
tures; MAb kits provide rapid determinations. Examples here include human 
venereal diseases (gonorrhea, chlamydia, and herpes simplex virus), and several 
common bacterial infections found in hospitalized patients (e.g., Pseudomonas 
aeruginosa and group B streptococci). Potentially, cancer detections are also pos- 
sible provided a tumor-specific marker is identifiable; a market example is an 
acid phosphatase released by a cancerous prostate gland. (2) Increased sensi- 
tivity: one MAb hepatitis B detection system is claimed to be 100 times more 
sensitive than a polyclonal antibody determination. Such sensitivity is of great 
interest to blood banks which must routinely screen for hepatitis. | 

_ As noted earlier in this chapter, development of new products which include 
appreciable new R & D components is necessarily more costly than subsequent 
similar ¿products arising from the maturin 


costing 5-10 times as much. as 
In addition to diagnostics for hepatitis B, prostatic tumor, and the human 
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Table 12.16 Estimates: U.S. Monoclonal Antibody Market (1981 dollars i im 
millions) 


Market size (estimated) 


Application . a Re 1982 i990 — 
| Diagnostics 
1. In vitro kits | $5 to $6 - $300 to $500 ($40) ` 
2: Immunohistochemical kits bigne smears, etc). Nil - y 
3. In vivo diagnostics (primarily imaging) Nil © Small to $100" 
Therapeutics gol Pe ae 
(includes radiolabeled and toxin-labeled aeons) Nil $500 to $1,000?! 
Other | : . . 
Research oe Small $10 
Purification . bes Small $10 


t High numbers: total kit value; (value): value of antibody alone. 

t Variation depending on industrial source. 

$ Could rise or fall depending on regulatory process. 

fT Basis: 1981 price for diagnostic kits of same type. f i : 
(From “Commercial Biotechnology, An International Analysis,” Office of Technology 


- Assessment, Washington. D.C., 20510, 1984.) . 


venereal and hospital bacterial infections, MAb side miarketed in ‘the early 
1980s include diagnostics for pregnancy [human chorionic gonadotropin 
(HCG)], rubella, and rabies, among others. 

The potential growth rate of MAb products for human and animal health 
products is summarized in Table 12.16. Note again that in vitro applications exist 
in 1982, and the in vivo markets (drug delivery, tumor imaging, ang others) 
should make a strong contribution before 1990. 


12.6 BULK OXYGENATES | 


Both anaerobic and aerobic processes are extant for bulk oxygenate production. 
We first review the traditional fermented beverage market, then consider use of 
simple oxygenates (alcohols, ketones, acids) and amino acids. A listing of such 
fermentation oxychemicals, and the corresponding microbial strain and sub- 


_ strate, appears in. Table 12.17. The total U.S. production figures for simple oxy- 


genates (Table 12.18), with market. values and ‘applications, indicate ‘the 
enormous potential size of the oxychemical market via fermentation.: ‘The oldest 
oxychemical is ethanol, produced in traditional fermented beverage ‘manufacture, . 
which is considered in the next section. Subsequently, we discuss ethanol produc- 
tion for fuel, and microbial processes for acetone, putanol, organic acids, and 
amino acids. = 
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830 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


12.6.1 Brewing and Wine Making 


Beer production illustrates several principles of enzyme technology already dis- 


cussed. To prepare barley for processing, it is incubated for 2 to 6 days so that 
germination occurs. This malting step promotes the formation of active a- and g- 
amylases as well as protease pares The resulting grains are then carefully 
dried. i 

Preparation of a nutrient mdini called beer wort for yeast growth requires 
mashing, which is carefully controlled warming of an aqueous mixture of malt 
and starch. Success of the mashing step requires artful exploitation of a complex 
mixture of substrates and enzymes. Proteins and carbohydrates in the malt- 
starch mixture must be hydrolyzed, since the yeast involved in the fermentation 
step can utilize only simple sugars and amino acids as nutrients. On the other 
hand, total hydrolysis is not desirable because dextrins, peptides, and peptones 
contribute flavor and body to the beer. Complicating the situation are the char- 
acteristics of the hydrolytic enzymes which participate in mashing. Elaborate 
cooking recipes with temperatures varying with time over a range from about 40 
to 100°C are employed to optimize the complex mashing process (Table 12.19). 
The end product contains a suitable mixture of yeast nutrients and flavor com- 
ponents. 

_ Next the beer wort is clarified and then boiled for about 2h with periodic 
addition of hops (ripened, dried cones of the hop vine), which contribute flavor, 
aroma, and color to the beer and also exert an antibacterial action. The sterilized 
wort is then cooled and inoculated with a proprietary strain of brewer’s yeast 
(Saccharomyces cerevisiae). The yeast is first cultivated under aerobic conditions 
followed by a switch to an anaerobic environment to cause ethanol and CO, 
production. Finally the product is clarified, pasteurized, aged, and packaged. 

The magnitude of the brewing industry is impressive. The U.S. industry had 
1975 sales of 160 million barrels (31 gallons per barrel). The approximate cost 
distribution, in millions, for this production was $610 (malt), other grains ($188), 
hops ($49), directy salaries ($860), packaging and containers ($2500), fuel, power, 


Table 12.19 Three enzyme-catalyzed hydrolyses used in aeons with 
different components and different rate characteristics 


Substrate (or bond) _ Hydrolysis Temperature of 
Enzyme attacked product(s) maximum activity, °C 
a-Amylase Starch (all bonds) Large-fragment dextrins, 70-75 
amylose 
-Amylase _ Amylose (f-1,4 linkage) Maltose 57-65 - 
Proteases Proteins : Amino acids, small . 50 
f peptones | 
_ Larger peptides, 60. 
peptones oom 


t Data fromi-Ref. 23. 
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and water ($80), transportation ($360), equipment and improvements ($600), and 
advertising ($230).. | n ce cae? E 

A flow diagram of a typical winery process is shown in Fig. 12.6. The feed for 
wine production may be nearly any ripe fruit or vegetable extract which contains 
12 to 30 percent sugar in the juices. The fermentation is accomplished either with 


wild yeast, present on the grape or fruit skins, or with inoculated selected yeast 


cultures and pasteurized fruit juices, Pa a = 
Characteristic of many anaerobic fermentation processes, the yeast inoculum 

is first grown to desired size in the juice under aerobic conditions, generating 

more cells as well as carbon dioxide: subsequent fermentation to yield 7 to 15 


‘percent ethanol solutions and further carbon dioxide is carried out anaerobically. 


Some acids produced during fermentation are degraded by bacteria in postfer- 
mentation stages, creating the characteristic bouquet of the wine. The type of 
wine produced is determined by the fruit used (grape variety, apricots, peaches, 
etc.), the yeast and bacterial strains involved, possible subsequent fortification 
(ie., adding alcohol) and the series of mechanical and heating, cooling, and aging 
processes before bottling. a Se. es eee es 

World wine production is concentrated in Europe (almost 80 percent), with 
15 percent in the Americas. Production facilities vary from large-scale bulk pro- 
ducers to very small “family” operations. Wine evaluation is complex; proce- 
dures include estimation of taste character (acidity, sugar, bitterness,..and | 
astringency (due to tannin)), appearance (clarity, lack of sediment), odor, aroma 
and bouquet, and flavor (a composite measure including after-taste). 


12.6.2 Fuel Alcohol Production 


Ethanol production for use as a fuel has been widely considered again in the last 
decade, following appreciable usage in pre-World War-II Europe when fuel eth- 
anol production from agricultural crops was practiced, Inexpensive petroleum 
and new petrochemical processes developed after 1945 provided: a feedstock 
source which then displaced fermentation-derived products, including ethanol 
and virtually all other simple oxychemicals (acetone, butanol, acetic acid, etc.). 
Petroleum price rises over the last decade have caused reconsideration of fermen- 
tation routes. The attractiveness of ethanol as a motor fuel derives from four 
characteristics (i) it is liquid, easily transported, (ii) its heating value per gallon is 
high (about 2/3 that of gasoline), (iii) it can be blended up to 10 percent with 
gasolene with no change of engine tuning or increase in emission, and (iv) it can 
enhance the octane rating of unleaded gasoline. Additionally, in many countries, 
ethanol fuel may serve as a partial replacement for imported oil. . 
Raw materials for ethanol fermentation process have included sugars (sugar 
cane juices, cassava, molasses), starches (grains), wood and agricultural residues 
(from wheat straw, corn stalks) and forestry, urban, and industrial wastes (news- 
paper, spent sulfite liquor, cheese whey, vegetable and fruit industry wastes, etc.). 
The trade-off in fermentation feedstocks. is clearly a more ‘fermentable, purer 
substrate vs. cheaper but more heterogeneous starting material. Use. of the latter 
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adds considerably to pretreatment costs: one estimate for fuel alcohol production 
from corn stover indicates that the pretreatment equipment required for the pre- 
fermentation section shown in Fig. 12.7 would account for over 50 percent of the 
total process capital cost; the breakdown of the latter for a large ethanol-from- 
cellulosics plant is feedstock preparation (5 percent), hydrolysis (19 percent), acid 
recovery (29.4. percent), fermentation and purification (19.2 percent), and utilities/ 
off-sites (27.4 percent). : | l A te 

The typical industrial operations äre batch fermentations with fermentation 


- times of about 50 hours, initial pH = 4.5, and T = 20-30°C to give an ethanol 


yield of about 90 percent of the sugar theoretical value. Final ethanol levels are 
10-16% v/v, and ethanol must subsequently be recovered from the final broth. 


Stover. 


Prehydrolysis 


Mese] 


.Xylose 
= solution - 


Acid 
recovery 


Glucose 
_ solution 


Liqnin, ash 


Figure 12.7 Corn stover pretreatment process for fuel ethanol feedstock production. (Reprinted from 
-E. C. Clausey and J. L. Gaddy, “Production of Ethanol from Biomass,” Ann. N.Y. Acad. Sci., vol. 413, . 
pp. 435—447, 1983.) si 
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The key features of the traditional batch fermentation process, which any 


replacement must improve upon, are: 


— 


. Raw material costs are a predominant portion of the total alcohol costs. 
. The slow reaction rate leads to high fermentor volume requirements, contrib- 


uting about 10 cents per gallon (1981) to the alcohol cost. 


. Valuable by-products need to be recovered: yeast sales (as feed supplement 


can diminish alcohol costs by up to 22 cents per gallon. 


. Distillation is energy-intensive, but efficient: a standard “old” plant in 
Peoria, IL uses less than 30 percent of the ethanol heating value in the 


distillation process. 


The revived interest in ethanol as fuel has included many novel process and 


microbial developments which have improved commercial prospects considera- 
bly; alcohol-containing motor fuels are available in a number of U.S. locations. 


Important modifications arising in the last decade include: 


. Reduced pressure operation, allowing alcohol volatilization during fermenta- 


tion, thereby reducing alcohol product inhibition, extending fermentation 
time length, and increasing sugar utilization. 


. Continuous process configurations which include cell recycle and vacuum, 


allowing a twelvefold increase of ethanol productivity vs. conventional con- 
tinuous process. At 50 mmHg pressure and glucose feed of 33% (w/v), eth- 
anol productivity of 40 gL~' h~* was achievable. 


. Bacteria (Zymomonas mobilis) which have higher glucose uptake and ethanol 


production specific rates than yeast. 


. Immobilized cells which exhibit much higher volumetric alcohol productivi- 


ties than conventional suspension culture. 


. Tall tower fermentors which involve highly flocculent yeast which form, at 


steady-state throughput, a fixed plug in the base of the fermentor (cell den- 
sities to 50-80 g L~! are obtained). A large-diameter baffled top allows reten- 
tion (via sedimentation) of virtually all cells without need for an auxiliary 
mechanical separation device. Following a several-week start up, year-long 
continuous operation has been achieved. 


. Modified ethanol recovery processes to decrease high separation operating 


costs have been proposed which include vapor compression, recuperation of 
heat derived from wastewater treatment (corn alcohol plant), and dehydra- 
tion of water-ethanol mixture by use of various synthetic or natural sorbents. 


Many of the above developments have been tested, but others have appre- 


ciable development yet needed before the commercial prospects can be confi- 
dently assessed. A comparison of some of these alternate fermentation procese 
is given in Table 12.20. 


In view of the many potential changes available fi fòr future ethanol plants, a 


comparative economic evaluation with four better studied configurations is in- 


E 
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structive. Table 12.21 illustrates that for a 295 m? d- plant producing 95% 


ethanol from 50% cane molasses sugar solution, the investment related portion 
of operating costs diminish in the sequence: batch > continuous > continuous 
(cell recycle) > (vacuum + cell recycle), indicating that the progressively higher 
volumetric productivity more than offsets the cost of increasing plant complexity. 
Lower labor costs are evident for all three continuous processes, and the steam 
utility savings in the (vacuum + cell recycle) system is striking. 4 
Uncertainties responsible for major government policy shifts (U.S. and else- 
where) regarding ethanol fuel production include the future prices and supply of 
petroleum (and gasoline), the (un)desirability of using a major food product 
(corn) as a fuel feedstock, and availability (or lack thereof) of appreciable govern- 
ment guaranteed prices and/or subsidies. For no other single fermentation prod- 
uct since World War II has the potential impact been sufficient to require con- 
sideration on the part of many countries of national resources and security. 
-The acetone-butanol producing fermentation has been reconsidered in light 
of butanol as a diesel fuel extender (“diesohol”). Calculations for a 45 x 10° kg 


. Solvents per year plant indicated that a molasses-based process was uneconomi- 


cal, with this feedstock contributing about 60 percent of total annual production 


costs. Liquid dairy whey feedstock provided a positive economic picture (Table 


12.22) if the whey was free, but whey transportation costs were included. In this 
latter case, the original molasses-fed plant design was modified to include whey 
ultrafiltration (for whey protein product credit) and anaerobic waste digestion 
(methane source, Chap. 14). E ; l 

With these circumstances, a net return on investment of 30.8 percent was 
calculated, basis the considerable number of products included. The gross plant 
profit was $15 x 10°/year; a value equal to several by-product credits alone (dry 
slops + hydrogen + carbon dioxide + ethanol). Areas identified as particularly 
important: low butanol yields (1.9% w/v, 1980), strict anaerobic nature, and 
tendency toward phage and Lactobocilli infection. — l 


126.3 Organic and Amino Acid Manufacture 


Organic’ acid production examples illustrate the important effect of yield on 
cost. A submerged fermentation process with high citric acid yields of 70 kg acid 
from 100 kg sugar has fermentation capital costs which are 15-25 percent less 
than a surface fermentation, but requires 16-26 percent greater operating costs. 
Inclusion of product recovery costs would diminish these percentages by the 


order of half when the total processes are then compared. Here the recovery 


process is straightforward, given a high product concentration, and the process 
questions center on the fermentation section. 


A more modest yield of 40 g/L itaconic acid led to consideration of recovery 


_ by evaporation, ion exchange, or electrodialysis based on a continuous fermen- 


tation. The fraction of total process construction costs for these three continuous 
recovery process options were estimated to be 92 percent (distillation), 96 percent 


(ion exchange), and 56.7 percent (electrodialysis). Raw materials and total utility 
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Table 12.21 Operating costs for different processes for ethanol 

production’ n # 

FS T e e E a 
Production cost, $ m~? . 


r S ae ere oe 


Continuous Vacuum 
Batch Continuous cell recycle cell recycle 

A aaee 
Investment related costs 27.21 12.94 10.57 9.25 
Operating labor 8.45 2.38 1.32 1.06 
Sarao and clerical 0.53 0.26 0.26 0.26 

“ties 
S 1.58 1.58 1.58 1.06 

Power 3.17 1.58 2.38 1.58 

Steam 26.68 25.10 25.10 17.96 

Oxygen oee seese Doo Weeietedeades 1.32 
Laboratory changes - 0.26 0.26 0.26 0.26 
Plant overhead 4.75 1.58 1.06 0.79 
Total 72.63 45.68 42.53 33.54 


ea a 


t Plant capacity was 295 m° d~! 95% ethanol from 50% “cane” molasses sugar 


solution. n _ er 7 
( Reprinted by permission, from G. R. Cysewski and C. R. Wilke, “ Process Design 


and Economic Studies of Alternative Fermentation Methods for the Production of Eth- 
anol,” Biotech. Bioeng., vol. 20, p..1421, 1978.) 


Table 12.22 Income Summary for 45 x 10° kg solvents per 
year. ‘(Acetone/butanol fermentation facility) 


lem l Annual quantity, kg Value, $/kg Income, $/year 
eee L ee ee ŘĖÁ 
: 26.4 x 10° 0.53 13.9 x 106 

oe 13.2 x 10° 0.44 5.8 x 10° 
Ethanol .. 4.5 x 1 _ 0.40 1.8 x 106 
Dry slops . 64.3 x 10 0.094 4.7 x 106 
Hydrogen © L8 x 10° 0.29 0.52 x 106 
Carbon dioxide 72.0 x 10° 0.11 7.9 x 10° 
Whey protein 10 x 10° $0.46/kg 9.3 x 10° 
Methane... 0.46 x 10° 


l Total $44.4 x 106 
a a a 
Modified, from T. Lenz and A. Moreira, “Economic Evaluation of the 
Acetone-Butanol Fermentation,” Ind. Eng. Chem. Prod. Res. Dev., 19: 478, 


1980. 
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costs were estimated at 49 and 13 percent of operating costs for the least ex- 
pensive recovery system (electrodialysis). As the relative advantages of different 
recovery processes are concentration dependent, it would be interesting to deter- 
mine the sensitivity of these calculations to fermentation improvement leading to 
60, 80, and 100 g/L itaconic acid yields in the fermentation section. 

The economic aspects of amino acid production are now considered. Of the 
twenty amino acids, only two (lysine and glutamic acid) were. produced primarily 
by fermentation in 1980 (in Japan), although more are potentially producible 
(arginine, glutamine, histidine, leucine, ornithine, phenylalanine, proline, thre- 
onine, and valine) (Table 12.23). The simultaneous existence of both chemical 
and fermentative synthesis activities for L-lysine (Table 12.23) indicates that other 
factors are evident: as of 1980, 80 percent of lysine production occurred in Japan 
and S. Korea, whereas the U.S. production was chemically based. A cost compar- 
ison for lysine via fermentation or chemical synthesis is illustrated in Table 12.24. 

The new sweetener aspartame is L-aspartyl-L-methionine methyl ester. Its 


- recent adoption in foods and especially in soft drinks has driven a major increase 


in the market for L-phenylalanine, moving from 50 tons (1981) to over 3000 tons 


(1984) to nearly 8000 tons (estimated) in 1990. An early $50/kilo price has 


dropped to $35/kilo (1984) and may be less than $20/kilo eventually. Current 
phenylalanine synthesis routes include fermentation (from sugars) and Snzy mane 
conversions from cinnamic acid or hydantoin. . 


12.7 SINGLE-CELL PROTEIN (SCP) 


Single-cell protein or SCP refers to proteinaceous materials which are dried cells | 


- . of microorganisms; example species which have been cultivated for use in animal 


or human foods include algae, actinomycetes, bacteria, yeasts, molds, and high 


fungi. Human consumption of microbial protein is ancient in origin and includes 


yeast in leavened bread, lactic acid bacteria in fermented dairy products (milks, 
sausages, cheeses), and algae (Spirulina) harvested from ponds and lakes. 
More recent studies have established microbial growth in aerated fermentors, 


‘using substrates such as gas oil, paraffins, natural gas, molasses, and cellulosics. 


The operating characteristics of some SCP processes appear in Table 12.25. The 


` process variability includes factors such as aseptic vs. nonaseptic, open vs. en- 


closed growth vessels, full vs. partial substrate utilization, optimal pH values 
from acidic to alkaline, and product recovery by filtration vs. centrifugation. Not 
surprisingly, bulk biomass production i is keyed to availability of bulk feedstocks 
which include hydrocarbons as well as waste streams from paper, agriculture, 
dairy, and industrial processes (Table 12.26). Virtually all major SCP plants sell 


their product as an animal food supplement. Human consumption occurs at 
| < much smaller levels, where production of baker’s yeast continues to be the prime 
example. Specific growth rate ranges for many organisms considered for SCP 
~ production are 0.11 to 0.7 hr~*. SCP production is widespread in the world; the 
largest total capacity is found in the Soviet Union. 
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Figure 12.8 Schematic diagram of a recent Process for producing single-cell protein. ( Reprinted by 
permission from J. Lichfield, “Single Cell Protein,” Science, vol. 219, p. 740. Copyright 1983 by the 
American Association for the Advancement of Science.) 


A recent process for SCP production with a methanol-utilizing bacterium 
(Methylophilus methylotrophus) (Figure 12.8) provides the overall stoichiometry: 


1.72CH30H + 0.23NH; + 1.510, ——> 
LOCH; 680o.36No.22 + 0.72CO, + 2.94H,O 


The process provides rapid growth (u = 0.5h~?), dense final broths (achieved by 
agglomeration in the fermentation vessel) which can be fed directly to centrifuges, 
CO, by-product recovery, and a growth yield above 0.50 g cell/g substrate. 

Major improvements in SCP production have included strain improvement 
(large S. cerevisiae cells leading to easier recovery), genetic engineering of meth- 
anol utilizers for higher protein content and of Methylophilus methylotrophus for 
improved NH, utilization efficiency, development of protein-excreting Bacillus 
brevis, improved cell harvesting by agglomeration and electrocoagulation, and 
process automation. 

Economically, SCP must always compete with other protein sources (Table 
12.27). Soybeans in particular have provided a large reservoir of inexpensive 
protein; as market expansion of this legume is expected in the 1980s, SCP may be 
expected to retain by-product status in most locations. Prospects for markets for 
SCP depend on usage. Feed grade SCP competes with conventional feed sources 
and growth performance of the appropriate animal (e.g., chicken, turkey, swine). 
Food grade SCP provides particular functions (typically flavor, but also texture - 
and nutritional value); Torula yeasts are commonly used here. The greater capi- 
tal costs are associated with SCP for food grade processes: 1975-76 estimates . 
required selling prices of $660-$1000/metric ton of annual capacity. 

For large-scale aerobic fermentations, major inputs include raw materials 
(substrate), utilities (power for aeration, mixing and mass transfer), and cooling 


‘by 
the 
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Table 12.27 Comparison of selling price ranges for selected microbial, 
plant, and animal protein products 

7. l ‘Crude protein > Price range 1979 - 
Product, substrate, and quality ~~ content | U.S. dollars/kg 


Single-cell proteins 


Candida utilis, ethanol, food grade i 52 ‘1.32-1.35 
Kluyveromyces fragilis, cheese whey, food grade 54 ; 132 
Saccharomyces cerevisiae: —— m l 
Brewer's, debittered. food grade SPR - 1.00-1.20 
Feed grade 52 -0.39-0.50 
Plant proteins aa oe he ihe 
Alfalfa (dehydrated) 17 0.12-0.13 
Soybean meal, defatted - 49. ~., 0.20-0.22 
Soy protein concentrate A cee 70-72 0.90-1.14 
Soy protein isolate ~ 90-92 +. 1.96-2.20 
Animal proteins 
Fishmeal (Peruvian) 65 0.41 -0.45 
Meat and bonemeal SO 0.24-0.25 
Dry skim milk ~ 37 -0.88-1.00 


Source: Office of Technology Assessment. 
(Reprinted from p. 108 of “Impacts of Applied Genetics: Microorganisms, Plants, and . 
Animals,” Office of Technology Assessment, Washington, DC, 1981.) i 


(heat transfer). Inclusion of cellulosics as an SCP feedstock would have to in-. 
clude utilities for the very appreciable pretreatment section which would be re- 
quired to convert cellulosics to a fermentable form. ne, ae ee 

A comparative estimate which includes all raw materials (Table 12.28) indi- : 
cates that their costs are dominant, being 44-77 percent of the total production - 
costs. TE aay 3 


128 ANAEROBIC METHANE PRODUCTION ` 


Anaerobic . conversion — of carbohydrate/cellulosics, especially of agricultural 7 
wastes, has been considered for biogas (methane) production, which is typically, 
50-65% CH4, 35-50% C0,, 30-160 g/m? H,O, and 1.5-12.5 p/m? H,S. Costs of 
producing biogas (option A) vs. methane (CO; scrubbed biogas) (option B) are 
summarized in Table 12.29. The largest plants ‘have production costs of 
$2.61-$2.74/GJ (gigajoules) vs. 1980 natural gas prices of $3.00/GJ. By-product © 
utilization of fermentation résidue at $60/ton-as animal feed (protein) supplement 
brings the production costs of even the smallest plant size (I Mg TS/day) into a 
competitive range. © ` a7 ee O Oa Bers goia 
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Table 12.29 Costs for producing biogas (option A)? and 
methane (option B}? from anaerobic fermentation of beef cattle 
manure at 55°C 


Plant size, Mg TS/day 


Parameter 1 10 100 . 1000 


Capital costs, $1000 l : 
Option A . 70.7 354 2185 --. 13,490 


Option B 89.6 449 2769 . 17,090 
Fixed costs, $1000/year bee o X l 
Option A 7 170° 85.0 525. 3,240 
Option B l 21.5 , 107.7 6657 - 4,100 
Utility costs, $1000/year i guts l 
Option A l 2.24 21.9 . 213 2,126 
Option B ‘ 2.86 28.2 276- - 2,760 
Labor costs, $1000/year - ~ 11.8 22.9 44.3 85.9 
Total annual costs, $1000/year l De e 
Option A 31.0 130.1 782 . 5,450 
Option B i 36.2 158.8 985 6,942 
Production cost, $/GJ , a 
Option A ` 13.94 5.72 3.41 ` 2.61. 
Option B 16.28 6.98 4.29 2.74 


t Biogas is compressed to 860 kPa, 12 h of mixing fermentor liquor a and 
influent slurry. 

* CO, is scrubbed and methane is compressed to 860 kPa, 12 h of t mixing 
fermentor liquor and influent slurry. 


12.9 OVERVIEW _ 


Successful operation: of microbial processes depends upon both technical and 
economic considerations. A detailed example presented in this chapter provides a 
model approach by which many aspects of any particular economic analysis may 
be carried out. Section discussions concerning fine chemicals, bulk chemicals and 
beverages, single-cell protein, and anaerobic methane production indicate the 
strong variations which occur in microbial. process economics. Further examples 
appear in the problem section. 


PROBLEMS 


12.1 Plant design stages Define, from memory, the stages of a plant design: inception, preliminary 
evaluation, development of final design data, final economic analysis, detailed engineering design, 

procurement, construction, start-up and trial runs, production. 

12.2 Sensitivity analysis Table 12.10 suggests strongly that, for major (20 percent unfavorable) devia- 

tions from the assumed base case, the order of greatest to least sensitive items was selling price, selling. 
volume, and capital overrun. A better estimate of the senisitivity, or percent change of the ROI with 
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respect to a percent change in each variable, is available from calculations of +5 and +10 percent 
variations. Carry out such a calculation for the same three variables, and plot ROI(%) vs. percent 
deviation from base case value of selling price, selling volume, and capital overrun. Is the order of 


sensitivities the same or different for smali deviations (several percent) as for the 20 percent example 


of Table 12.10? (Consider the use of spreadsheet software for this type of calculation.) 


12.3 Yield factor sensitivity Column B of Table 12:10 contains figures for a 20 percent reduction in 
selling price, without mention of cause. . 
_ (a) Assuming that selling price is directly related to product percentage content of active ingre- 


‘dient and that the latter is directly related to reciprocal of yield factor (Yp), plot ROI vs. percent 


deviation of Yp; for 0, +5%, +10%, +20%. 

(b) Scan a number of articles in the journal Biotechnology and Bioengineering for a data plot 
from which a product yield factor has been determined. From the original data, confirm the original 
yield value, and calculate a standard deviation, o? = (u; — j1)?”, for the data. What is g as a percent- 
age of Yps? How confidently would you predict Y, for a single fermentation run? How would 
this result impact your confidence in ROI estimates? 

(c) Suppose the run-to-run variation of Yp under “identical” operating conditions is a distribu- 
tion given by N(¥p) = e7 Ys "Ps!" Plot this normalized distribution function, and discuss what 
additional costs would be incurred if 10 successive batches had routinely to be stored in order to have 


` blending sufficiently consistent to maintain an average blend value deviating 5 percent or less from 


a 
12.4 Ethanol process alternatives An exhaustive comparison of ethanol process/recovery alternatives 
is recently available (B. L. Maiorella, H. W. Blanch, and C. R. Wilke, Biotech. Bioeng., 26: 1003, 
1984). Read this review, choose one particular configuration, and prepare the equivalent of Tables 
12.2 through 12.9. Summarize the tables in a memo of length less than two pages (attach all tables as 


- an appendix). 


12.5 Production competition avenues Your company has discovered a new microbial product which 
has appreciable pharmacological activity and must be produced at large scale to achieve a 20 percent 
share of the potential market. Your director of research, trained in organic chemistry, gives the 
synthetic organic chemists and the microbiologists 3 months to propose “ideal” wholly synthetic and 
microbial production processes, respectively. The results received 3 months later lead to an economic 


‘analysis which suggests that, costwise, the two routes are equal. What do you recommend to manage- 


ment, and why? 

12.6 Amino acid production Read the section on amino acids in the Kirk-Othmer Encyclopedia of 
Chemical Technology. Rationalize the last column in Table 12.23 which indicates that only one 
country in the world has serious interests in amino acid production via fermentation. 


12.7 L-lysine process economics (a) Calculate. the sensitivity of the total costs (Table 12.24) for L- 
lysine production for each item which contributes. (Express sensitivity as percent change in total cost 
per 5 percent change in item cost.) 

(b) Suppose it takes 5 years to complete construction and operation of a plant if a decigion to 
build is made today. From Table 12.24, would you build a fermentation plant or a synthetic plant for 
L-lysine production if molasses prices are expected to rise 10 percent a year, relative to all else, and 
cyclohexanol prices are expected to rise at 0, 10, 20, or 30 percent per year? 


12.8 Process modification: soluble to immobilized enzyme Consider an enzyme process involving N, 


batches/year and E, mass of enzyme/batch. It is compared to an immobilized enzyme configuration, ` 


also at N, batches/year. Immobilized enzyme preparation involves a mass M, of carrier, a specific 
catalyst loading C (mass E/mass carrier), an immobilization retention, R, of enzyme (immobilized/ 
used), and an immobilized enzyme lifetime of N; batches. 

(a) If X. and X, are costs/mass of enzyme and carrier, respectively, and if A is lost after each 
soluble enzyme batch, and E, and M, lost after N; immobilized batches (no recovery), show that the 
cost difference between the batch soluble enzyme and the batch immobilized enzyme processes is 


XEN, =e M,C( oa R)X ,N; ane M.CRX,.N; 5 M,_X.N; 


3l 
$ 
5 
4 
j 


BIOPROCESS ECONOMICS 851 


(6) ifn = fraction of total immobilized enzyme activity which is utilized (effectiveness factor, 
Chapter 4), and product conversion and substrate costs are the same, show from part (a) that the 
processes are economically equal when the following equation holds: - 


z N, ‘HR i re z 


Thus, an economic advantage for use of immobilized enzyme exists only if the catalyst lifetime 
satisfies - ; va ae 


N; > N,(1 + X,/C)/nR 


Similar criteria including soluble batch vs. continuous immobilized operation, catalyst deactivation, 
and substrate costs are found in M. M. Domach, “Specifying the Values of Immobilized Enzyme 
Performance Parameters in Terms of Process Economic Feasibility,” The Chem. Eng. Jl, 29: B1, 
1984; also presented are effectiveness factor, n, and immobilization retention 
amylase, glucose isomerase, and lactase. 


12.9 Production of biohazardous compounds The building, instrumentation and overhead costs asso- 
ciated with biochemical plant design in this chapter apply to conventional production of reasonably 
innocuous materials. Additional costs are incurred in manufacture of potentially biohazardous mater- 
ials, such as cytotoxic antitumor compounds or mammalian virus-derived materials. Cost estimations 
must include the following additional National Cancer Institute design concepts: 2 


; R, target values for $- 


1. Facility: controlled access (totally enclosed, fenced). SES 

2. Air pressure: negative (no outflow of air from door, window or any unfiltered vent). 

3. Air exhaust: always through HEPA filters (complete particle removal). ee ie ae 

4. Local, complete containment of all potential aerosol generating equipment (fermentor, centrifuge, 
filters, etc). —- l ee we es J —-_ l 

- Personnel protection: garments, masks, boots, gloves (purchase and daily laundry). ` 

. Personnel medical monitoring. 

7. Environmental monitoring. 


N a 


Suppose that a fermentation plant one-fourth the size of the main chapter example was. designed to 
meet the annual demand ‘for a number of different cytotoxic.compounds (different fermentations;. 
Same average length as example). Using the fermentation section design in the chapter as the process 
concept, develop all tables neéded ‘to estimate a cost comparison of a conventional plant vs. a. 
cytotoxin production facility. (Equipment, materials, utilities, labor, operating costs; do not do re- 
turn-on-investment calculation). (M. C. Flickinger and E. B. Sansome, “Pilot and Production Scale 
Containment of Cytotoxic and Oncogenic Fermentation Processes,” Biotech. Bioeng., 26: 860, 1984.) 


12.10 Economics of activated-sludge process A detailed analysis of an aerated reactor with enriched . 
biomass stream recycle, centrifugal recovery of final biomass, (for disposal) and chlorination of 
aqueous effluent was reported by R. B. Paterson and M. M. Denn, “Computer-aided Design and > 
Control of Activated Sludge Process,” The Chemical Engineering Journal, 27: B13, 1983. They found 
that total plant costs were very insensitive to two key variables over appreciable ranges: reactor 


biomass levels (vary inversely with reactor volume) and average biomass residence times (differs from l 
liquid residence time in cell-rich recycle systems). 


(a) Read Sec. 14.4 through Eq. (14.5). 7 
(6) Do Prob. 14.7 to understand the kinetics of the operation. et eee 
(c) Read the above reference and comment on why these intriguing conclusions were reached. 


Note that the performance criteria, met by alli designs, are based on fixed (99.25%) reduction of 
influent carbon substrate. 
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CHAPTER 


THIRTEEN | 
ANALYSIS OF MULTIPLE INTERACTING 


MICROBIAL POPULATIONS 


Until now we have concentrated on systems dominated by a single type of micro- 
organism. Untouched so far are the myriad situations where several different 
microbial species are important. Among commercial processes, we can cite 
biological waste-water treatment and cheese manufacture as examples where 
multiple microbial species are required. Moreover, mixed populations of 
microorganisms are the rule rather than the exception in natural systems. The 
natural cycles of carbon, nitrogen, oxygen, and numerous other elements on our 
planet all require the active participation of many different microorganisms. 
These applications and others will be pursued more thoroughly in the next 
chapter. 

- For the moment, we shall concentrate on the analysis of microbial interac- 
tions. We shall seek first to characterize two-species interactions and then extend 
our analysis to more complex populations. In the following section, four of the 
six basic types of microbial interactions are considered. Subsequently, the last 
two pairwise interactions are analyzed in detail mathematically. The final sec- 
tions consider general and large systems and the development of spatial patterns 
in mixed populations. 


13.1 NEUTRALISM, MUTUALISM, COMMENSALISM, 
AND. AMENSALISM 


The first two of these relationships are among the extreme cases possible when 
two: microbial species interact. Neutralism means that there is no change in the 
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growth rate ol either microorganism due to the presence of the other. Thus, so far 
as growth rates are concerned, there is no observable interaction. On one ex- 
treme from this bland situation is mutualism, where both species grow faster 
together than they do separately. The other extreme, to be considered in. Sec. 
13.3, is competition, where each species exerts a negative influence on the growth 
rate of the other. ; 

Very few instances of neutralism have been studied. One of these i is growth 
of yogurt starter strains of Streptococcus and Lactobacillus in a chemostat. The 
total counts of these two species at a dilution rate of 0.4h~! were quite similar 
whether the populations were cultured separately or together. Indeed, it is 
difficult to imagine many situations in which consumption of nutrients and 
evolution of products by each species has absolutely no effect on its neighbor. 
Neutralism can only occur, it would seem, in special environment-microorganism 
scenarios where each species consumes different limiting substrates and where 
end products are effectively neutralized or diluted. 

Viewed from a different perspective, neutralism implies that the pure-culture 
behavior of both species is identical to their behavior in mixed culture. The 
apparent rarity of neutralism casts some shadows on the value of many pure- 
culture data in describing how mixed populations behave. Prediction of mixed- _ 
culture performance from pure-culture studies will be possible only when these 
studies characterize the relationship between a microorganism and its environ- 
ment in great detail. Such information on each species. can | then be Boone to- 
gether to describe the mixed-population situation. 

Mutualism is much more common than neutralism and iora several dit. 
ferent mechanisms. One of these is the exchange of growth factors.: Such an 
interaction can be beautifully illustrated by growing a phenylalanine-requiring 
strain of Lactobacillis and a folic acid-requiring strain of Streptococcus in a mixed 
batch culture. Figure 13.1 shows the results with a synthetic medium lacking ` 
both phenylalanine and folic acid. The mixed culture grows well, while a ale 
pure cultures exhibit almost no growth. 

Exchange of nutrients may also be involved in mutualistic relationstiips. 
Numerous instances are known where mutually beneficial ‘associations exist bė- 
tween aerobic bacteria and photosynthetic algae.: While the bacteria use oxygen. 
and carbohydrate, they produce CO, and growth factors. The algae, using sun- 
light as an energy source, convert CO, to carbohydrate. and also liberate O,. 
This system illustrates on a microscopic scale some features of the carbon and 
oxygen cycles considered further in Chap. 14. i ve 

Very close mutualistic ties, such that the partnership ‘is necessary for the 
survival of one or both species, are often termed symbiosis. Microbes are found in 
many symbiotic relationships with each other as well as with higher organisms. 
Characteristics of several systems exhibiting symbiosis, some of them quite fasci- 
nating, are given in Table 13.1. We shall consider here one example in more 
detail since it reveals another mode of multualistic interaction. iets 
_. Methanobacillus omelianskii, a “bacterium” abundant in aaroo dudse 
(see Chap. 14), has been discovered to be a mixture of two Species. The niet 
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a 
o 


109 Figure 13.1 Batch growth of pure and mixed 


cultures of a phenylalanine requiring strain of 
Lactobacillus arabinosas (curve 2 = pure cul- 
ture) and a folic acid-requiring strain of 
Streptococcus faecalis (curve 1 = pure cul- 
ture) in a synthetic medium containing 
neither phenylalanine nor folic acid. Curve 3 
shows enhanced growth as a result of mu- 
tualism in mixed culture of these two organ- 
isms. (Reprinted from V. Nurmikko, 
- “Biochemical Factors Affecting Symbiosis 
0 20 40 60 Among Bacteria,” Experientia, vol. 12, p. 245, 
Time, h 1956.) . 


wa 
Oo 


Growth units, colorimeter readings 


converts ethanol to hydrogen and acetate 
CHCH, OH + H,O D CH,COO- + H+ + 2H, 


but is inhibited by the hydrogen it produces. The second species of the “bacteri- 
um” cannot grow on ethanol but consumes hydrogen, yielding methane 


4H, + CO, — CH, + 2H,0 


Thus we have a situation in which one species destroys a toxin for its asso- 
ciate, which in turn provides a nutrient for the first. This detoxification type of 
mutualism may also arise when an aerobe shields an obligate anaerobe from too 
much free oxygen. Another possibility is maintenance of an advantageous pH by 
two organisms, one which tends to decrease pH and another which provides the 
opposite effect. 

The final two classes of interactions to be examined in this section involve no 
significant effect on the first species. In commensalism, the second microbe enjoys 
benefits. The opposite occurs in amensalism, where the second aPerics sufiers asa 
resul of its interaction with the first. 

-Several instances of commensalism are similar to the last kind of mutualism 
we considered. In the commensal version, one species removes a toxin for the 
second species, but; in contrast to mutualism, the latter organism provides no 
special benefits for the detoxifier. This type of commensalism is common, as 
suggested by Table 13.2. 

Still more widespread, however, are commensal relationships where one spe- 
cies produces compounds which accelerate growth of another species. The end 
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Table 13.1 Examples of symbiotic relationships involving at least one: micro- 


organism 


Microorganism 


Flagellated 
protozoa 


Luminous bacteria 


Rumen 


microorganisms 


Normal microbial 
flora 


Bacteria 


Algae 


Algae 


Rhizobium bacteria 


Other organism 
or site 


Termites 


Squid, some fishes l 


Cattle, sheep, goats 


Skin; throat, 
mouth, intestines 


Protozoa 
Protozoa 


Fungus 


Leguminous plants ._ 


Comments 


Protozoa hydrolyze cellulose for termites in exchange 
for supply of this material, which termites alone 
cannot digest; flagellates are in turn hosts to 
bacteria which provide cellulase enzymes 


Glands of squid house luminous bacteria, which 
provide the squid with a recognition device; 
bacteria accorded protection and nutrients 


First two stomachs of the cow, the rumen, contain 
many microbial species, which in exchange for food 
supply aid the cow in digesting plant material 
including cellulose, starch, and lipids 


Normal flora play an important although ill-defined 
role in preventing many diseases, as has been 
shown with studies on germ-free animals 


Bacteria live inside the protozoa (an endosymbiosis) 
and derive nutrients; in one case, at least, bacteria 
provide their host with needed amino acids and 
growth factors 


Each protozoan holds 50 to a few hundred algae; 
algae use light to fix CO, and free O,, which in 
turn is used by the protozoan to oxidize nutrients, 
liberating CO, l 


Together these form an intimate association called a 

. .lichen; association is of benefit mostly in very wet 
or dry environments with scarce nutrients; the alga 
provides the fungus with organic nutrients; the 
fungal role not well understood- 


Bacteria live in nodules formed i in plant roots, where 


they enjoy nutrients provided by the plant; 
bacteria fix atmospheric nitrogen so that it 
becomes accessible to plant i s 


on. 


roducts serving as bases for commensalism are numerous (see Table 13.3); de- 
nding on the particular commensal situation, the produced compound might 
e as an energy and/or carbon source for the second species. Such commensal 
elationships are often strung together in a chain so that over time a succession 
{commensal pairs appears. In a batch system, for example, yeast can convert 
lucose.to alcohol, which serves as a nutrient for. Acetobacter. This species. then 
roduces acetic acid, which in turn is consumed by ous evo and 


__ Also. shown in Table 13.3 are several cases where a vitamin or. some other 
rowth factor is passed from one species to another. Such situations can readily 


_ 858 BIOCHEMICAL ENGINEERING FUNDAMENTALS 


Table 13.2 Commensal relations: compound removedt 
Toxic compound Details of interrelationship 


Concentrated sugar Osmophilic yeasts metabolize the Sugar and thereby reduce the osmolarity, 


_ solutions allowing the growth of species sensitive to high osmotic pressures 

Oxygen _ Aerobic organisms may reduce the oxygen tension, thus allowing anaerobes 
to grow a ‘ 

Hydrogen sulfide Toxic H,S is oxidized by photosynthetic sulfur bacteria, and the growth of 


other species is then possible 


Food preservatives The growth inhibitors benzoate and sulfur dioxide are destroyed biologically 


Lactic acid _The fungus Geotrichum candidum metabolizes the lactic acid produced by 
l Streptococcus lactis; the acid would otherwise accumulate and inhibit the 
growth of the bacteria 


Mercury-containing Desulfovibrio sp. form H3S from sulfate, and the sulfide combines with 


germicides mercury-containing germicides and permits bacterial growth 
Antibiotics. Enzymes are produced by some species of bacteria which break down 
SS antibiotics; thus the growth of antibiotic-sensitive species is allowed 
Phenols” © > > Some bacteria can oxidize phenols, thereby permitting other species to grow 
Trichlorophenol A number of gram-negative bacteria can absorb trichlorophenol in their cell 


' wall lipids and thereby Protect Staphylococcus aureus from its action 


a: From J. L. Meers, “Growth of Bacteria in Mixed Cultures,” P. 158 in-A. J. Laskin and H. 
Lechevalier (eds.), Microbial Ecology, CRC Press, Cleveland, 1974. 


Table 13.3 Contffiensal relations: compound supplied* 


Compound ©" "= Species producing compound Species requiring compound 
Purine. `- Bacillus subtilis B. subtilis auxotrophs 
Organic acid Aerobacter cloacae Unnamed bacterium 
Isobutyrate _ Corynebacterium diphtheriae Treponema microdentium 
Nicotinic acid Saccharomyces cerevisiae Proteus vulgaris j 
Vitamin K ~ Staphylococcus aureus Bacteroides melaninogenicus 
Nitrite ions- -> Nitrosomonas Nitrobacter 

Hydrogen sulfide Desulfovibrio l Sulfur bacteria 

Water - Bacillus mesentericus Clostridium botulinum 
Polysaccharides ` Algae Bacteria 

Hydrogen -Rumen bacteria ~. Methanobacterium ruminatium 
Methane Anaerobic methane bacteria Methane-oxidizing bacteria 
Ammonium ions Many heterotrophs Nitrosomonas 

Nitrite _ Tz Nitrosomonas Nitrobacter 

Nitrate > Nitrobacter Denitrifying bacteria 

Acetyl phosphate _ _Corynebacterium diphtheriae Borrelia vincenti 

Fructose n Acetobacter suboxydans Saccharomyces carlsbergensis 


t Fro a <I „Meers, “Growth of Bacteria in Mixed Cultures,” p456 in A. J. Laskin 
and H. Lechevalier (eds.), Microbial Ecology, CRC Press, Cleveland, 1974. 
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be constructed by using an auxotrophic mutant as one of the species. Any other 
species which produces the necessary metabolic intermediate for the first then 
completes the commensal pair. . fs - : 
Most reported examples of commensalism have been based on batch-culture 
studies. Indeed, realization of a strictly commensal: relationship in continuous 
culture or other open system is difficult. The problem is avoiding competition: 
although one organism may aid the other, they both may compete for a nutrient 
which eventually becomes a limiting nutrient. Therefore, we expect commensal- 
ism in open systems only when the species involved differ widely in their nutri- 
tional requirements. . : 
Amensalism is the opposite of commensalism: in an amensal relationship, the 
growth of one species is inhibited by the presence of another. The harmful effects 
of the offensive species usually are due either to synthesis of toxic products or 
removal of essential nutrients. Most reported examples of amenalism involve the 
first mechanism, where the second organism creates an environment within 
which other species can survive only to a limited degree, if at all. : 
We have already seen that several antibiotics. are produced by micro- 
organisms. One standard laboratory test for microbial antibiotic synthesis is 
essentially a demonstration of amensalism: an antibiotic-synthesizing and an 


-antibiotic-sensitive species are grown together on an.agar-surface. The presence 


of clear zones around the antibiotic-producing colonies: is evidence of antibiotic 
activity (see Fig. 13.2). (Penicillin was discovered by just such an observation.) 
These clear zones result from diffusion of the antibiotic away from the synthesiz- 
ing colonies, with resulting inhibition of the susceptible strain. 


Figure 13.2 Amensalism: diffusion of antibiotic away from the colonies of antibiotic-producing fun- 
gus inhibits growth of other organisms on the agar medium. (Photo courtesy of Charles Pfizer and 
Co., Inc.) : i ek oh eke 
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Antibiotic. synthesis by molds and actinomycetes has been - emphasized 
earlier. To appreciate the possible roles of antibiotics in microbial ecology, we 
must also recognize that algae and other bacteria can also produce antibiotics. 
` Most of these additional bacterial antibiotics are polypeptides. Like penicillin, 
some of them inhibit cell-wall synthesis while others serve to destroy the permea- 
bility barrier provided by the cell membrane. 

A related kind of amensalism results because some microbes excrete enzymes 
which decompose cell-wall polymers. Such organisms derive two different bene- 
fits when the lytic enzymes depolymerize cell walls of other species. Possible 
competitors are destroyed, and the lysed cells release nutrients which can be used 
by the enzyme-producing microbes. Actually, if the nutrients so released consti- 
tute a significant resource for the enzyme-producing species, they benefit from the 
association. Thus, the ecological relationship ceases to be amensalistic and be- 
comes parasitism (see Sec. 13.4). 

_ Inhibition milder than the above cases may result from microbial synthesis of 
organic acids. This often lowers pH and inhibits growth of other organisms. 
More specific inhibitory effects of organic acids are also possible. Shigella flexneri 
is inhibited by formic and acetic acids, and propionate and acetate inhibit growth 
of the bacteria Propionibacterium shermanii. Another example of amensalism in- 
volves inhibition of chemoautotrophs by small amounts of ammonia produced 
by other species, especially those which derive energy from amino acids. 


13.2 CLASSIFICATION OF INTERACTIONS 
BETWEEN TWO SPECIES 


The. classificati of pairwise interactions between different species which we 
will employ is Based upon the dynamic properties of the mixed culture. These 
dynamic properties are characterized by the linearized system description intro- 
duced in Sec. 9.2.1. Letting n denote the vector with components n; equal to the 
number (or number concentration = number of cells per unit volume) of species i 
organisms in the system, the numbèr balances for a well-mixed system can 
usually be. written in the form 


a = flo), m). : l (13. 3 


where à m is a , vector ol A which characterize the organisms’ environ- 
ment. In the context of mixed culture ecology, the coefficient matrix A of the 
COUTESPORGIRE, linearized model with entries 


_ Of(n,, m) 


Jo = ôn 


is called the community matrix. As discussed in Chap. 9, n sin a Eq. ( 13. 32) denotes a 
time-invariant vector n which is a steady state of Eq-3. 1D). . 


(13.2) 
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ed . The variables used to describe species’ concentrations in mixed culture (and 
Ne other) systems deserve careful attention. Studies of transient growth of pure cul- 
cs. . tures (e.g., batch cultivation) show changes in average single-cell mass (recall Sec. 
in, 7.3.1) which imply that cell mass concentration and cell number concentration 
a- follow different trajectories. Stated differently, the ratio x;/n; changes with time, 
| where x; and n; are the mass and number concentrations of species i, respectively. 
les Kinetic modeling studies indicate that growth kinetics descriptions are sub-. 
le- stantially simpler, possessing relatively straightforward functional descriptions 
zle |: considered in Chap. 7, when they are based on mass rather than number concen- 
ed : tration. For example, based on established cell-cycle features of E. coli, first-order 
iti- l mass synthesis kinetics imply first-order number synthesis kinetics with a time 
he “lag, creating significantly more complicated dynamic behavior and much more 
Je- a difficult analyses of transient characteristics (recall Sec: 9. 2. 2). Consequently, a use 


of total cell mass concentration is generally preferred. 


of Unfortunately, experimental assays for densities of different species in mixed 
ns. cultures usually involve counting colonies grown on plates. Such data provides 
eri cell number but not mass concentrations. Simultaneous measurements of species 
vth mean cell size by microscopy or particle sizing (Coulter principle, light scattering) 
in- would permit approximate conversion to mass concentrations, but such data are 
zed rarely available for mixed cultures. Accordingly, since confrontation with experi- 
ment is essential, kinetic models considered in this chapter will, as above, usually 
be posed in terms of cell number concentration. It should be noted that some 

difficulties in representing cell number dynamics in terms of these kinetic models 

may be due to failure to use cell mass variables and to account for transient 

changes in cell size. y a4 # 

The interaction between two species near a steady state is asd by 

we ¿two entries in the community matrix A. Considering for the moment species i 
iese nd j, we notice that a small increase in the jth population from its steady-state 
tTO- alue [x;(0) > 0] contributes a term a;;x;(0) to the initial derivative of ;. (To 
the void confusion with cell mass densities, the deviation [n;(t) — n,,]' will be den- 
esi d. x; (t).) Thus, if all other populations are initially at their steady-state values 
can (0) = 0, k # j], the sign of dy,(0)/dt depends on the sign of aij. We can say a 


is positive, species j has a positive effect on growth of species i, and if aj; 
ive, that an inhibiting effect is evident. No interaction occurs if a;j is ZETO, 


3.1) same argument applies for determining the influence of species i on species j: 
ffect is stimulatory for positive a;, inhibitory for negative a;;, and neutral for 
on- | oy 7 . 
the possible combinations of interactions defined in this mannér arè shown in 
4. We see that the four kinds of pairwise interactions considered in the 
us section fit nicely into this scheme. Also, two new types of interactions, 
3.2) ition and predation, appear in the table. Before considering these interac- 


detail, we shall explore some implications of the interaction type on 
jlation dynamics near a steady state. For the moment, we shall: limit this 
cen: interacting populations. y a 


es a 
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Table 13.4 Classification of pairwise interactions based on the signs of 
the entries a, and a,, from the community matrix A(i + j)t 


J 


Effect of species j on species i (sign of a;;) 


—— | a, a ee - 
Competition Amensalism ` Predation 


Effect of species i on 0 0— 00 ; 0+ 
species j (sign of a ji) Amensalism Neutralism Commensalism 
+ +- +0 ++ 
: Predation Commensalism Mutualism 


t Adopted from R. M. May, Stability and Complexity in Model Ecosystems, p. 25, 
Princeton University Press, Princeton, N.J., 1973. 


Example 13.1: Two-species dynamics near a steady state When only two species interact, the com- 
`” munity matrix A is 2 x 2, as seen from the appropriate form of (9.30): l 


d(n, — nis) ax, 


a a 7 + aix 


lii 


(13E1.1) 
d(n,—n,,) dy 
dt F y 7 %2 +2222 


; 2 
š d dt 
P , 
en . al = âii anj Xi (13E1.2) 
ath x, 421 422 II X2 


The characteristic euation (9.34) can readily be expanded into the quadratic equation 


Mt 


RÆ (C?F + a22)4 + (a, 1922 a, 432451) = A? = (tr A)A + det A = 0 (13E1.3) 


where tr A and det A signify the trace and determinant of A, respectively. Applying the Hurwitz 
criterion (9.41) to Eq. (13E1.3), we readily conclude that the linearized system is asymptotically stable 
if and only if 


det A>0 (13E1.4) 
trrA <0 (13E1.5) 


_ Additional features of the system dynamics are revealed by the solutions to Eq. (13E1.3), which 
are ` l 


. trA 1l 
di2 = Jt NAG A)? — 4 det A (13E1.6) 


At least one eigenvalue will have zero real part if either tr A = 0 (and det A > 0) or det A is zero. Let 
us exclude this critical case from our considerations and proceed to other possibilities. (Bifurcations 
arising from critical case situations are discussed in Sec. 13.5.5.) If l 


5 


< 


tr A\2 Sins ' 
; ea >detA>0 -o (BEL) 


TET e PR RRS. T. WEAR yon a 
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both eigenvalues.are real and have the same sign: ‘the’steady state n, in question is called a node. If 
det A is negative, there is one -positive and one negative eigenvalue and the steady state is a saddle 
point. Complex..eigenvalues. occur when 4 det A is larger than ‘the square of tr A. In this case the 
steady state is called a focus. 

The motivation for these terms, which derive PERS Trom mathematical studies in mechanics, 
becomes clearer by examining the population trajectories in the phase plane. By definition, the coor- 
dinates of the phase plane are z, and y,. A-specified initial condition (7;(0), 7,(0)) can be represented 
by a point in this plane. Likewise, if we plot for all future t points (y,(t), xa(t)) in the phase plane, the 
result will be a continuous curve called a trajectory. Thus, plotting trajectories in the phase plane is a 
convenient device for representing the dynamic behavior of two variables in a single diagram. 

Figure 13E1.1 shows typical trajectories for three common cases. Each trajectory shown in the 
figure corresponds to a different set of initial conditions, and the arrows point in the direction of 
increasing time. The typical phase behavior of unstable nodes and foci can be obtained simply by 
reversing the arrows onthe trajectories in Fig. 13E1.la and b. (Why does this work?) 

Returning now to the classification scheme summarized in Table 13.4, we see that this scheme 
refers only to off-diagonal entries of the A matrix. Consequently, without further specifications we can 
say nothing about tr A and very little about det A. 

Let us now consider reasonable assumptions concerning the autonomous specific growth rates 
a,, and az, for. some of the interaction types already defined. Mutualism may: give rise to larger 


7 AO 


ee eet ar quate nape NU our eae a aaea G 
: m | en ee 


as steady-state populations than possible without the beneficial interaction, so that. a}, <0, a, <0 
obtains. Then condition (13E1.5) certainly holds, but satisfaction of (13E1.4) requires 
84449 > 44243, - (13E1.8) 
1.1) If this inequality is not fulfilled, this mutualistic steady state is unstable. 


For either commensalism or amensalism in a two-population system, the stability characteristics 
depend entirely on the autonomous growth rates, for det A = a,,a,, and tr A = a,, + azz. This 
reveals immediately that asymptotic stability appears if and only if both a,, and a,, are negative. 

l _ . Several of the results just outlined can be generalized to more complex populations, as we shall 
1.2) see in Sec. 13.5. . 


1.3) 


witz 
able 


11.4) 
21.5) 


‘hich 
E1.6) 


». Let 
tions 


(a) Stable node (b) Stable focus (c) Saddle point 


~ Figure 13E1.1 Some characteristic phase-plarie portraits for the linearized dynamics of two-species 


E1.7 ; 
) ecosystems: (a) stable node, (b) stable focus, and (c) saddle point. 
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13.3 COMPETITION : SURVIVAL OF THE FITTEST 
Darwin’s work on natural selection emphasized the importance of competition 


between different species. As we shall use it here, the term competition refers to 
dependence of two species on a common factor such as food supply, light, space, 


or some other limiting resource. Consumption of this: common factor by each 


species limits its availability to the other, so that the growth rates of both organ- 
isms are affected negatively. : i 

In a competitive situation, we are interested in discovering whether either 
species enjoys a natural advantage. A little reflection Suggests that the species 
with the fastest growth rate should do better, since by virtue of its rapid growth it 
will be able to utilize more of the limiting factor than the slower-growing organ- 
ism., As we shall see, experimental results as well as mathematical analyses of 
reasonable models strongly support this idea. 

Consider the example shown in Fig. 13.3. Grown separately (open symbols), 
both E. coli and Staphylococcus aureus reached similar maximum populations 
although E. coli grew faster. When the two bacteria were cultivated in a batch 
mixed culture, the E. coli growth pattern was identical to that found in pure 
culture. The S. aureus population, on the other hand, was restricted to much 


Log cell no./mL 


A E coli atone 


. & Evcoliinmixture Figure 13.3 Growth of S. aureus is re- 
o. $ düreusalone duced when the organism grows in 
competition with E. coli in mixed cul- 
@ S. aureus in mixture ture. (Reprinted from T. R. Oberhofer 
and W. C. Frazier, “ Competition of 
Staphylococcus aureus with Other Or- 

6 i cae 6 9 12 15 ganisms,” J. Milk Food Technol., vol. 

Be ag ` 24;p172, 1961.) 
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| @ smaller maximal levels in the mixed-culture case. Since E. coli produces no in- 


hibitors of the Staphylococcus organism, this effect can be attributed to the pref- 
erential nutrient uptake rate of E. coli. (What implicit assumption is involved 
here?) : 


13.3.1 Volterra’s Analysis of Competition | 


Growth of two competing species in a closed environment has been: analyzed 
_ by Vito Volterra, a famous Italian mathematician who established many of the 
foundations of mathematical ecology. In this nonlinear model, the autonomous 
specific growth rates u, and u, are both presumed positive. Furthermore, the first 
species utilizes the limiting nutrient to an extent given by h,n,, and h,n, is the 
corresponding nutrient depletion for species 2, where h, and h, are both positive. 
Such consumpted reduces the pomis iow rates of the two species so that 


TAS RR 


apap anionic wage 


| 


dn, . E 
FA La — viam + hana)jn Co 833) 
dn, >i ; ene te | Dl Aai a 

-dt = [m — Y2(hını + hyna)Jn >’ (13.4) 


The constants y, > 0 and y, > 0 in these equations reflect the different effects of 
nutrient depletion on species 1 and 2, respectively. Turning back to Sec. 7.3.2, we 
note that this model is simply a two-population generalization of the Verlhurst 
and Pearl model already discussed. ` 

The ultimate effects of competition can be deduced by sulaplying Eq. (13.3) 


by y./n,, multiplying Eq. (13.4) by y,/n,, and then adding the resulting equations 
to obtain 


dinn dinn : 
Y2 == — y; ara = Val = Yalta $ (13.5) 


Integration of this equation yields 


y 


=¢ Exp (Yat — Yaka)t f (13.6) 


“where C is a constant of integration which depends on n,(0) and n,(0). 

Let us suppose now that y, 4, — Y;42 is negative. (Does this involve any loss 
generality?) Then Eq. (13.6) reveals that the ratio on the left-hand side ap- 
aches zero as time increases. We can readily rule out the possibility that this 
dappens because n, grows without bound. Turning to Eq. (13. 4), we can see 
mediately that dn,/dt is negative for n, > u3/y2h3, proving that n; is bounded. 
, the only conclusion consistent with the limiting behavior demonstrated by 
(3 6) is that n, approaches Zero as time passes. 
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P. caudatum alone 


P. caudatum in mixed culture 
N N l 
fo) “A 


Volume of population 


Days 


Figure 13.4 Demonstration of the exclusion principle in competitive growth of two protozoa. The 
slower-growing microbe, Paramecium candatum, is eliminated in mixed culture. (Redrawn from G. F. 
Gause, “Experimental Analysis of Vito Volterra’s Mathematical Theory of the Struggle for Existence,” 
Science, vol. 79, p. 16, 1934.) 


second*species population reaches a limiting size given by y,/y,h, while the first 
species eventually disappears. This principle can be extended to multiple-species 
situations described by 

dn; , . 

ma [u — yj; F(ny, n2,..., n,)]n; i= 1,2,...,p (13.7) 


by arguments identical to the above. Again, the conclusion is extinction of all 
species but one. Note that, because 4; values are presumed independent of popu- 
lation densities, nutrient supplies are presumed unbounded, or continuously pro- 
vided. Strictly speaking, the competitive exclusion principle applies only in open 
ecosystems. 3 

Dramatic experimental evidence illustrating the exclusion principle is shown 
in Fig. 13.4. Here, in a batch system controlled to maintain constant food supply, 
a. protozoan species which follows the logistic curve [Eq. (7.52)] when grown 
alone becomes extinct in competition with a faster-growing organism. ; 

The success of the exclusion principle in explaining the outcome of this and 
numerous other actual instances of competition is somewhat surprising in view of 
the assumptions behind Eqs. (13.3) and (13.4). It is important to realize, however, 
that a model of this form may be applicable in physical-circumstances very differ- 
ent from those assumed in our derivation. In fact, from a strictly mathematical 


` ai ak 7 i at ae a tk en EE 
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viewpoint, we may view Eqs. (13.3) and (13.4) as approximate representations 
obtained by expanding a general model with a Taylor’s series and retaining only 
terms through the second order. 


13.3.2 Competition and Selection in a Chemostat 


Next we shall consider the effects of competition in open systems, using the 
chemostat as a prototype representative. Considering the specific growth rate u 
of species i to be a constant, the dynamic behavior of the species concentration is 
given by 


TE TE i= 1, a. oak | wa 


Thus, aether Xi increases, decreases, or stays constant with time depends on the 
relative values of u; and D. What happens in the two-species case can be deduced 
using a rather heuristic argument based on the Monod model. » 

It is reasonable to assume that the dependence of growth rate on limiting- 
substrate concentration will rarely be identical for two competing. microorgan- 


: isms. This leaves two possibilities: either the growth rates are related as shown in 


Fig. 13.5, or the growth-rate curves cross. For the moment, let-us assume that the 
situation depicted in Fig. 13.5 obtains. 

Suppose that organism 1 is growing.at steady state in a chemostat with 
dilution rate D. Then, as indicated in Fig. 13.5, the limiting- substrate concentra- 
tion within the vessel will be s,. Now, if organism 2 is introduced into the 
chemostat, it will grow initially at rate 4... Since u, > D, the population of species 
2 will increase with time, causing the substrate concentration to fall. With s < s,, 
the specific growth rate of species 1 is smaller than D, so that organism 1 begins 
to wash out. This trend continues until the substrate concentration reaches s,, at 
which point species 2 attains steady state while species 1 continues to wash out. 


Figure -13.5 Hypothetical’ specific 
growth rates of organisms | and 2. The 
text explains why organism 1 will wash 
out of continuous culture. (Reprinted 
from J. L. Meers and D. W. Tempest, 
“The Influence of Extra-Cellular Prod- 
- ucts on Mixed Microbial Populations in 
Magnesiuri-Limited Chemostat Cul- 
tures,” J. Gen. Microbiol, vol. 52, p. 309, 
Growth-limiting substrate conc., s -== 1968.) 


Specific growth rate, yu 


si 
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l 
| 


If the two functions L,(s) and H2(S) cross, so that which is larger depends on 

the particular substrate concentration involved, we can conclude by analogy with 

the argument above that the dilution rate used will determine which species 

dominates. A dramatic demonstration of such dependence of competitive advan- 

tage on dilution rate is revealed in Fig. 13.8. Initially the yeast dominates, but it 
begins to wash out as s i 


Figure 13.6 Data on competition be- 
tween 4A. aerogenes (I) and T. utilis 
(A) in a chemostat: (a) D = 0.05 h7!, 
(b) D = O3h-?; T= 33°C, pH 6.4, po- 
tassium-limited simple-salts medium. 
Dashed lines are the calculated washout 
curves for nongrowing organisms. [Re- 
Printed from J. L. Meers, “Growth of 


No. A. aerogenes Organisms mL~! x 19-8 
No. T. utilis Organisms mL~! x 10-7 
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So = 0.53 mg/mL 
D =0.0862 h7' . 


{108 


0.005 


E. coli, cells/mL 


A. vinelandii ae 


A. vinelandii, cells/mL 


Time, days. 


Figure 13.7 Competition between two bacteria (E. coli and Azotobacter vinelandii) ina chemostat. 
(Reprinted from J. L. Jost et al., “Interactions of Tetrahymena pyriformis, Escherichia coli, Azoto- 
bacter vinelandii and Glucose in a Minimal Medium,” J. Bacteriol., vol. 113, p. 834, 1973.) © 


displacing the original species. Similarly, mutants competing in a batch reactor 
should be considered a mixed culture subject to the types of behavior discussed 
in the previous section. 

This manifestation of exclusion caused by sompetition has very ‘important 


‘practical implications.: Many fermentations have maximal product formation 


rather than biomass production as their objective. Consequently, strains selected 
for desirable product yields may well be slower-growing than related mutant 
strains. Under these circumstances, it becomes increasingly probable that rela- 


-tively fast-growing mutants will evolve in a chemostat, leading to the washout of 


Dilution rate changed Dilution rate changed 
from 0.05 h-! to 0.08 h7! from 0.08 h-! to 0.05 h-! 


250 


Time after mixing, h 


38 Effects of dilution- rate a on continuous mixed culture of Bacillus subtilis (@) and 
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the productive strains. As Figs 13.6 to 13.8 amply demonstrate, any initial advan- 
tage in population density is lost in continuous culture and the contaminant or 
mutant strain with a larger 4 value than the original culture will evidently pre- 
vail. As mutants with desirable properties have been produced for batch cultures, 
we can expect similar efforts in the future to develop productive strains able to 
compete successfully with useless mutants in continuous reactors. 

The effects of wall growth, considered in various lights in Chap. 9, should 
also be mentioned in the context of microbial competition in open environments. 
We have already mentioned (Sec. 9.1.3) that a population attached to a surface 

` can survive in a chemostat even when D exceeds the maximal specific growth 
rate. Similarly, a slower-growing organism, if present in an ecologically advanta- 
geous niche such as a film, has been observed experimentally to persist in compe- 
tition with faster-growing species. l 


Example 13.2: Competitive growth in unstable recombinant cultures In growth of cells containing 
plasmids which do not stably replicate or Segregate, many different “species,” characterized by the 
number of plasmids contained in the cell, can be identified. Here we shall lump these various species 

` into two groups: plasmid-containing cells, denoted X*, and cells without plasmids, denoted X~. 
Describing growth of these two populations in overall terms, we may write 


X* + (2 — p)X* + pX™ Rate =y*x* > (13E2.1) 
X71 2X- Rate = p7x7 (13E2.2) 


The parameter p, which denotes the number of plasmid-free cells formed per generation of plasmid- 
containing cells, is a measure of the degree of plasmid segregational instability. The two strains are 
presumed to have different specific growth rates since, in nonselective media, plasmid-containing cells 
typically- grow more slowly than plasmid-free cells. (Why?) The reverse situation applies in selective 
medium. 

Considering batch cultivation of the unstable strain with constant specific growth rates, the 
fractionz¥ of cells with plasmids after N generations of plasmid-containing cells is easily shown to be 


l-—a-p 


= 1 — a — 2Na+p-1) 


13E2.3 
i ( ) 


The parameter « is the ratio of specific growth rates 


a=p/pt (13E2.4) 


Propagation of a population from stock to full-scale bioreactor 
more. Figure 13E2.1 shows the fraction of plasmid-containing cells after 25 doublings (F,,) as a 
function of the parameters a and p. These calculations indicate the clear possibility for substantial loss 
of the productive, plasmid-containing population, as indeed has been observed in some cases in 
practice. er l 
~ This type of genetic instability also has m 
Presuming a growth situation with u* = p” 


typically requires 25 generations or 


ajor implications for continuous reactor operation. 
= win a CSTR, the mass balances on the two strains are 


dx* F l aa 

y 7 OL Tm Pye — Dx (13E2.5) 
dx~ oe = 

PIa Bx” + pux* — Dx“ = (13E2.6) 


A LOR aie ea 9a EAE EEE 


nu zm 


' Fraction of plasmid-containing cells.(F25) 
. = 
La 
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i Ek ea ee _ 7”. Instability ` 
l : parameter 


: Figure 13E2.1 Fraction.. of -plasmid- 
0 ; ee ee 2- containing cells after 25 generations of 
Growth rate ratio a(=p-/ut) > ` batch cultivation (After Ref. 12). ` 


Letting x denote total biomass concentration (= x* + x7), it is easy to show by adding the last two 
equations that x has a nonzero steady-state value only for D= u. Under these conditions, however, 
the solution of Eq. (13E2.5) is 


x*(Q=x"@e* 0 ae. ee - (13E2.7) 


Consequently, the concentration of plasmid-containing cells declines exponentially, approaching the 
value of zero at steady state. The rate of washout of plasmid-containing cells is scaled by the insta- 
bility parameter p, which indicates that, as a practical matter, the continuous reactor could operate 
productively for a useful time interval if p is sufficiently small. 

Extensions of these models which include substrate utilization, product formation, and Monod 
dependence of u on substrate level have been presented [13, 14]. Alternative treatments based on 
population-balance models have evaluated errors introduced by the approximations in the ‘above 


class of models (generally small) and connected single-cell growth cycle, plasmid replication, and 


plasmid segregation properties with overall parameters [15, 16]. We should note that these models 


‘apply equally well to nonrecombinant strains in which recurrent mutations occur, and that some of 


the mathematical treatments of unstable recombinant populations are special cases of population 
genetics theory [17, 18]. 


oe PREDATION AND PARASITISM. 


In both predation jad EE one species benefits at the expense of the other. z 
We usually distinguish between these two types of interactions by the relative size 
of the organisms and the mechanism by which one species destroys. the .other. 

Predation involves the ingestion of one organism, the prey, by the predator or- 
ganism. This mode of interaction is relatively common among microbes, with 


-consumption of bacteria by protozoa a prime example. In parasitism, the host, 


which is usually the larger organism, is damaged by the parasite, which benefits 
from use of nutrients from the host. Attack of microorganisms by phages, already 
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considered in some detail in Chap. 6, is the best example of parasitism in the 
microbial world. l 


Although the physical situations in predation and parasitism differ, their 


. 


conceptual and mathematical descriptions share many common features. Conse- 


In many instances of predator-prey interactions, the populations of predator 
and prey do not reach steady-state values but oscillate, as shown in F ig. 13.9 for 
a bacterium-protozoan system. Other examples of predator-prey oscillations be- 
yond the microbial opes considered in this chapter include the lynx-hare, owl- 
lemming, and moth-conifer-tree system [Ref. 1, p.. 188]. We can explain such 
regular fluctuations qualitatively as follows. Starting with a high prey and low 
predator concentration, the predators ravenously consume the prey, so that the 
number of predators increases while the prey population declines. These trends 


134.1 The Lotka-Volterra Model of Predator-Prey Oscillations 


A mathematical model for Predator-prey interaction that produces such cycles in 
Population sizes was developed by Lotka and Volterra in the late 1920s [8]. In 
this model, it is assumed that the prey species 1 can multiply autonomously and 


is consumed by predator at a rate Proportional to the product of the numbers of 
Predater and prey: . 


T = an, — yn,n, (13.9) 


how often such encounters lead to death of the prey. It is known, for example, 
that some bacteria are more resistant to attack by protozoa than others. 

The predator species 2 benefits from encounters with prey, and the propor- 
tionality constant e will denote the amount by which the predator population 
increases per kill of prey. Since the prey is presumed to be the only source of food 
for predators, the Predator population declines in the absence of prey. Thus, the 
population balance for predators takes the form | 


d . 
ae = —bn, + eynyn, a : (13.10) 
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the | Figure 13.9 Oscillations in chemostat growth of a mixed population of the bacterium” A. aerogenes 
nds À and the protozoan `Tetrahymena pyriformis. [Reprinted from J. L. Meers, “Growth of Bacteria in 
ide- 7 Mixed Cultures,” in A.I. .Laskin and H. Lechevalier, (eds.), “Microbial: Ecology p. 151. ©. CRC 
tion j Press, Inc., 1974. Used by permission of CRC Press, Inc.] , 7 
Chis 
Equations (13.9) and (13.10) constitute the basic Lotka-Volterra model. The 
nontrivial steady state admitted by the model is 
nis = — na, =— (13.11) 
s in . Pa | > ae 
In We can 1 simplify the notation somewhat for our subsequent analysis by introduc- 
and ing new population variables Jı and y2, which are scaled by the steady-state 
s of values from Eq. (13.11) . 
ny nz 
PE ye (13.12) 
3.9) Ris N25 
In terms of these variables, the Lotka-Volterra model becomes 
rey dy, i SA agi 6 a3 
sof Sisal -yd ooo (13.13) 
ple, R . a es ges <8 pa nae S 
se ol 13. 14 
or a ( y 1)Y2 _ l K ) 
ion 
od For this model, the phase- -plane behavior i is A deteitined by eliminat- 
the g ‘time from the pair of Eqs. (13.13) and (13.14) to obtain a single differential 


uation relating y, and y,. We accomplish this by dividing (13.14) by (13.13) to 
btain 


dy,/dt —by + by,y2 
at ZPY T 9Yy2 13.15) 
dy,/dt ayı — ayyy2 
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then multiplying by a(1 — Y2Xdy,/dt)/y2, which yields 


adn da, bdn. dy 


=b 0 31 
yı dt d y dt _ dt — et) 
Integration of this equation gives 
aln y, — ay, + bln y, —by =C (13.17) 


or | Ey- ef (13.18) 


where C is an integration constant dependent on the initial population sizes. 

` Paths in the phase plane can now be computed from Eq. (13.18) by assuming 
a value for y, and computing compatible Y2 values. Care is necessary when doing 
this, as zero, one, or two positive solutions y, to this transcendental equation 
may occur for fixed y,. In Fig. 13.10 several trajectories are illustrated. Immedi- 
ately apparent are the existence of closed curves for all initial states except the 
steady state. (What does this tell us about asymptotic Stability of the steady 
state?) If we transfer this representation to plots of populations vs. time, which 
requires solution of (13.13) and (13.14), we obtain prey and predator oscillations 
(see Fig. 13.11) quite reminiscent of data for numerous predator-prey systems, 
including the information shown earlier in Fig. 13.9 

Before turning to extensions, criticisms, and modifications in the Lotka- 

‘Volterra model, let us explore some of its implications a little further. Integrating 
cee 13) over one period T of the oscillation, we find that 


a yO =aT— af yo dt (13.19) 
l I 0 


n, 


Figure 13.10 Motion in the phase plane as described by the Lotka-Volterra model. Point Q is the 
steady state. Oscillatory trajectories labeled X, Y, A, and correspond to different choices of initial 
population levels. 


ie 
al 


ANALYSIS OF MULTIPLE INTERACTING MICROBIAL POPULATIONS: 875 


YK\ /K\ | 
STN 


Time 


Cell population 


Figure 13.11 Periodic oscillations i in the prey n, and preasa na population sizes from the Lotka- 
Volterra model. . 


Since y, is periodic with period T, 


WO =T 13.20) 


so that the left-hand side of Eq. (13.19) is zero. Rearranging what is left gives 


al yot)dt=1 l - (13.21) 
o | s e oo _ 
or, in terms of the original variables, 
al n,(t)dt = n,, (13.22) 
ò ' 


Thus, although the periods and the location of the population cycles in Fig. 13.10 
depend on the initial conditions, the mean value of prey population, which: is 
given by Eq. (13.22), is independent of the initial conditions and is equal to the 
steady-state value. Starting with Eq. (13.14) and applying exactly the same ap- 
proach as that just described, we can easily prove the analogous relation for the 
mean predator population 


1 T . 
z | n,(t)dt =n, (13:23) 
T Jo ah x oe 


The Lotka-Volterra model has some interesting implications for control of 
microbial or other populations involving predator-prey interactions. Suppose 


_. that we introduce an agent which kills both predator and prey in proportion to 
- their numbers. Mathematically, this corresponds to adding terms —6,n, and 


—6,n,(6, > 0 and 5, > 0) to Eqs. (13.9) and (13.10), respectively. The steady- 
state concentrations of prey and predator with the control measure now become’ 
n, = b + 02 a n>, = a~ 0, AE (13.24) 


Consequently, the effect of this attempt to control the interacting populations is 
an increase in the mean number of prey and a decrease in the predator average 
population. eee 
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13.4.2 A Multispecies Extension of the Lotka-Volterra Model 


Ecologists are interested in the relationship between system complexity and its dynamic behavior. For 
example, is the system more or less likely to be stable or to exhibit oscillations as the number of 
different species is increased or as the number and intensity of interactions become larger? Although 
most of our considerations of such issues will be concentrated in Sec. 13.5, we shall consider now a 
generalized version of the Lotka-Volterra model following the argument of May [5]. 

The analogous forms of Eqs. (13.9) and (13.10) for a system with N predators and N preys is 


dn; N 
— =n; a; — am, i=1,...,N 
dt ( È i ,) 


dm 


; N i 
a E FAs) i= 1,...,N (13.25) 
dt Fe : 


where n,,...,my are the numbers in the N ‘prey populations and m,,..., my are the predator popula- 
tion numbers. Letting a denote the matrix with elements «;;, B the matrix with elements Bij a the 


column vector with entries a;, and b the column vector with elements b;, it follows that the steady- ` 


state populations n,,,..., Nys, Mis, - » -, Mys for the system described by Eqs. (13.25) satisfy 
Pn =b am, =a (13.26) 


where n, and m, are vectors with elements n,, and m,,, respectively. 
If we evaluate the 2N x 2N community matrix A for this system, the result can be partitioned as 


follows: 
Pen een ent 13.27 
=e. p* ' 0 ( À ) 
where l ae: at = N50; _ Bh = mabi l (13.28) 


and the 0 entries in (13.27) denote N x N zero matrices. Significant information about the stability of 
this system can be ob{gined from the following general formula from matrix theory. For an arbitrary 


qxq matrix G. a. 


* trC = by 6, (13.29) 


i=1 


where the c; are the eigenvalues of C. Since the trace of the matrix A in (11.40) is zero, we know from 
Eq. (13.29) that , 


2 A; =0 (13.30) 


This result leaves two possibilities for the eigenvalues Ai. First, they are zeros or pairs of conju- 
gate imaginary numbers. Although this is the case for the original one-prey-one-predator Lotka- 
Volterra model, it seems unlikely when N ifdarge. The other alternative is the occurrence of at least 
some of the eigenvalues of A in the form c + id, —c — id with c # 0. In this instance, at least one 
eigenvalue has positive real part and the steady state is unstable. Consequently, this analysis suggests 
that the effect of additional complexity will be a destabilization of the prey-predator system. 


13.43 Other One-Predator-One-Prey Models | 


Inspired by. the work of Lotka and Volterra, subsequent investigators have pro- 
posed improvements to their model. One deficiency in the Lotka-Volterra ap- 
proach can be seen by examining Eq. (13.9): in the absence of predator, the prey 
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species n, will enjoy unbounded exponential growth. This unrealistic feature can 
be removed by explicitly accounting for the prey’s utilization of the substrate 
which limits its growth. 

‘Also, several experimental studies. dave revealed that predator specific 
growth rates do not vary linearly with prey concentration, as assumed in the 
original Lotka-Volterra analysis. As indicated by the’ ‘Lineweaver-Burk plot fora 
protozoan-bacterium system in Fi ig. 13.12, an equation of the Monod form 


Hp, max” 


Kon (13.31) 


Hp = 
will often provide a better representation of predator specific growth rates. 
After incorporating both these refinements and assuming constant yield fac- 
tors Y, and Y, for prey growth on substrate and predator growth on prey, respec- 
tively, the following populations balances are obtained for a.chemostat: 


ds . E o1 Hs, maxs "g 
dn, _ Di mae cane Seas Se “a3 33) 
dt ! K,+s Y, Kp +n, P 
dn, H nına 

ata L pn, + fema" | 13.34 
dt "a i K, +n; : 


This model was found by Tsuchiya et al. [19] to describe most of the important 
features of their experimental studies of predation by the amoeba Dictyostelium 
discoideum on E. coli bacteria. After determining kinetic constants for this system 
(Table 13.5), they computed the solid curves shown in Fig. 13.13. Not only does 
the model predict oscillations for these operating conditions (D = 0.0625/h, 

So = 0.5 mg/mL), but it also does well in reproducing the experimental period 
_ and the amplitudes and phase relations of all three variables. 

Another weakness in the Lotka-Volterra model can now be placed in. per- 
spective. We have already seen in Fig. 13.10 that Lotka-Volterra oscillations 
depend on initial conditions. Viewed differently, as in Fig. 13.14a, this means that 
the Lotka-Volterra oscillations will change period and amplitude following a 


= 

2 

oS 

z 

3 

A å 20.23 h-! Figure 13.12 A double-reciprocal plot of predator 

3 Pp, oe i (protozoan Colpoda steinii): growth rate and prey” 

4 PO met r (bacterium E. coli) concentration. The approximately 

3 Organism - C. steinii linear relationship in this plot suggests a, growth-rate © 

x PapSrate = E oeol equation of Monod form.. (Reprinted from G. Praper 
O5 OS > 0 10, and J.C. Garver, “Mass Culture of the Protozoa 


` Reciprocal E. coli conc. L/mg Colpoda steinii,” Biotech. Bioeng., vol. 8, p. 287, 1966. J” 
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Table 13.5 Parameter values for the prey-predator model in Eqs. (13.32) to 


(13.34)t 
es 
’ Max specific 
growth rates Saturation Yield 
Organism Umax» ho! constant K . coefficient Y | 
D. discoideum 0.24 | 4x 108 bacteria/fmL 1.4 x 10° bacteria/amoeba 
E. coli 0.25 ‘5 x 107* mg glucose/mL 3.3 x 107'° mg glucose/bacterium 


eS 


t From H. M. Tsuchiya et al., J. Bacteriol, 110: 1151 (1972). 


disturbance to the system. This behavior, sometimes termed a soft oscillation by 
mathematicians, is not very realistic from a physical viewpoint. It means that a 
small perturbation to the system can alter its dynamic characteristics for all 
future time. l 

The observance of regular sustained oscillations in nature, where small up- 
sets occur frequently, suggests that natural predator-prey oscillations are more 
stable than those obtained from the Lotka-Volterra model. These stability char- 
acteristics are found, however, in the model described in Eqs. (13.32) to (13.34). 
Figure 13.14b indicates that oscillations predicted by this model are independent 
of initial conditions. Called hard oscillations or limit cycles, these oscillations are 
more reminiscent of actual predator-prey behavior than the soft Lotka-Volterra 
solutions. ye 


-9 Experimental 


=. Model 


0.25 


Figure 13.13 Model (—) and experi- 
mental (O) results for the prey-preda- 
tor system D. discoideum-E. coli in 
continuous culture (25°C, D= 
0.0625h~'). (Reprinted from H. M. 
Tsuchiya et al., “ Predator-Prey Inter- 
actions of Dictyostelium discoideum 
q ae ` and Escherichia coli in Continuous 
0.2 4 6 8 10 12 14-16 18 . Culture,” J. Bacteriol, vol. 110, p. 
Time. days 1147, 1972.) i 


D. discoideum. X 1075 /mL E. coli X 10`8/mL Glucose, mg/mL 
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(a) Lotka-Volterra model 


=] 
Eis 
2 
x 10 
z ap 
Ès Figure 13.14 Comparison of the charac- 
teristics of (a) the Lotka-Volterra 
0 model, which produces soft oscillations 
E dependent on initial conditions, and 
a 15 (b) the model of Eq. (13.32) to (13.34), 
2 which gives hard oscillations indepen- 
x i dent of initial conditions. At point A’ in 
ë these calculations, the numbers of pred- 
3 | ator and prey were shifted to new val- 
È ùes. ( Reprinted from H. M. Tsuchiya et 
al., “ Predator-Prey Interactions of Dic- 


100 200 300 400 500 600 700 tyostelium discoideum and Escherichia 
Time. h coli in Continuous Culture,” J. Bacteriol., 
(b) Saturation model vol. 110, p. 1147, 1972.) 


Example 13.3: Model discrimination and development via stability analysis Tsuchiya, Frederickson, 
and coworkers [19-21] continued the above work and showed how stability analysis could be ap- 
plied to differentiate between mathematical models of prey-predator. systems. They built upon 
Canale’ st results, which show that the chemostat described by Eqs. (13.32) to (13. 34) can have three 
different steady states: ` l 


Total washout: 


ny, = Ap =0 Ss = So 


. tR. P. Canale: An Analy of Models Describing Predator Prey Interaction, Biotech. Bivona: 12: 
353, 1970. 
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Predator washout: 

n,,>0 n2,=0 0<s,<s, 
Prey-predator survival: 

n,>0 n,,>0 0< S< So 


Whether more than one of these steady states exists for given operating conditions D and So depends 
upon the kinetic parameters of the system. 

Likewise, stability properties depend upon all these system parameters. Before delving further 
into a discussion of stability analysis, we take advantage of the special structure of Eqs. (13.32) to 
(13.34) to. reduce the number of dependent variables by one. Dividing Eq. (13.34) by Yp, multiplying 
(13.32) by Y,, and then adding the resulting two equations with (13.33) gives 


él y. 2 +l ¥(s- 2 13E3.1 
dt alae lay aie an es ( 1) 
where a term equal to zero [d(— Y,So)/dt] has been added to the left-hand side to make, the expres- 
sions in brackets identical. Now, integrating Eq. (13E3.1) shows that 


n,(t) 
Y 


P 


` n,(0) -t 
¥[s(t) — so] + n,(t) + = fuso — So] + n,(0) + Y heap = (13E3.2) 


A D 


Thus, after three to five chemostat holding times have elapsed, we can Say to an excellent approxima- 
tion that 


n,(t) 


P 


YES) — so] + n + 2È w 0 (13E3.3) 
Using (13E3.3), we can eliminate one of the dependent variables, say s(t), from Eqs. (13.33) and 
(13.34). Henceforth we shall invoke (13E3.3) and view our problem as a two-dimensional one. 

One way to represent the general dynamic features of our chemostat is an operating diagram like 
Fig. 13E3.1. Here for“given values of the kinetic constants, regions with different characteristics are 


labeled in the so, 1/D*plane. Thus, if the point corresponding to given operating conditions sọ and D 
AE 


ha 


Damped 
oscillations (c2) 


20 

<= 

g Periodic oscillations (c3) 

> | 

5 No . Tae 

g oscillations (cl) Figure 13E3.1 l Qualitative dy- 
i namic characteristics of the prey- 
-Ja 10 


predator dynamic model given in 
Eqs. (13.32) to (13.34) in terms of 
chemostat operating conditions. 
(Reprinted from H. M. Tsuchiya et 
al., “ Predator-Prey Interactions of 
Dictyostelium discoideum and Es- 
cherichia coli in Continuous Cul- 
0.05 - 0.10 ture” J. Bacteriol, vol. 110, P. 
Conc. substrate in feed, mg/mL 1147, 1972.) 


Pred. washed out (b) 


Total washout (a) 


] 2 5 9=S9hoarD=O0.169h so Sd 
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(a) 
n2 
T Ø = 40h or D = 0.025 h`! 
-2 ` So = 0.53 mg/mL 
x 
a 6 F r 
g _T. pyriformis 
3 3 
; 0! 


` Cells/mL x 1077 


A, vinelandii 


Glucose 


y- 12 : 20 

y- oe ge oe Time, days i 

in ae _ (b) 

of Figure 13E3.2 Dynamic pebavice of the iios: -A. vinelandii-T. pyriformis food chain in a chemo- 
1S. stat. (a) Sustained oscillations occur for D = 0.169h~*. (b) The oscillations are damped when the 
et dilution rate is reduced to 0.025 h™!. (Reprinted from J. L. Jost et al., “Interactions of Tetrahymena 
of riformis, Escherichia coli, Azobacter vinelandii, and Glucose in a Minimal Medium,” J. Bacteriol., 


ol. 113, p. 834, 1973.) 
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lies in region a, for example, only the first of Canale’s steady states exists and is asymptotically stable, 
so that washout of both predator and prey occurs. 

Using the methods for local:stability analysis already presented, we can show that when steady 
state c exists, the remaining steady states a and b are always unstable. The three uppermost regions in 
Fig. 13E3.1 are distinguished by the eigenvalues characterizing steady state c. In region cl, both 
eigenvalues are real and negative: here steady state c is a stable node (recall Example 13.1). Steady 
state c is a stable focus for operating conditions in region c2. Region c3 results in instability for steady 
state c. 

This latter possibility apparently poses a dilemma since none of the system steady states are 
stable. This problem is resolved by the theory of Poincaré and Bendixson, which guarantees in this 
case that limit-cycle oscillations are obtained. Exploitation of this theorem requires that both inde- 
pendent variables have upper and lower bounds, as can be readily shown for this example, and that 
the model have only two independent variables. The latter important restriction has been overlooked in 
some of the literature on chemical and biological oscillations (see Ref. 10 for further details). 

Although the location of the boundary lines in Fig. 13E3.1 will vary somewhat with the choice 
of the kinetic-parameter values, the general features shown there prevail for reasonable system param- 
eters. One feature of this operating diagram is of great interest in the current context. Suppose that 
periodic oscillations result for a given feed concentration and holding time. Then sustained oscilla- 

_tions are also expected for all larger holding times and the same inlet concentration of substrate. 

This behavior is at odds with the experimental results shown in Fig. 13E3.2 for simultaneous 
cultivation of Azotobacter vinelandii and protozoan T. pyriformis in a chemostat. Although oscilla- 
tions appear for a 5.9-h holding time, they are damped when the holding time is 40 h. Obviously, the 
model proposed above is not adequate for this system. 

In an attempt to improve the model, we shall add some structure to the description of predatar 
physiology. Introducing two intermediate physiological states N, and N; for the predator, we pos- 
tulate a mechanism . 


Na +N, ——— > Ni NZ+BN, —— N; 2 —— 2N, 


Application of the quasi-steady-state approximation to N, and N3 gives the following expression for 
predator. specific growth rate p,: 
Hp, max(1)” 


=n A 13E3.4 
Fr (Kyi + n, XK, + nı) ( ) 


According to this model, which reduces to the Monod form (13.31) for n, much larger than the 
smaller of K,, and K,2, the predator growth rate varies as nz. when the prey concentration is small. 

Exactly the same approach as described earlier can be employed to study the stability properties 
of the revised chemostat model incorporating Eq. (13E3.4). With kinetic parameters obtained from 
batch studies of A. vinelandii and E. coli, the operating diagram of Fig. 13E3.3 is obtained. This result 


20 Damped 
oscillations 

oe We eae Figure 13E3.3 Operating dia- 
5 Sustained oscillations gram for the modified preda- 
£ ERN tor-prey chemostat model 
Sig ~ No oscillations l incorporating the multiple sat- 
2 Predator Wahe oüt uration predation rate of Eq. 
F SA (13E2.4). (Reprinted from J. L. 
-1a 5 Jost et al, “Interactions of 
Tetrahymena pyriformis, Es- 
Total washout cherichia coli, Azotobacter 
0 --.=Vvinelandi, and Glucose in a 


0 0.01 0.02 0.03 0.04 0.05 0.06 Minimal Medium,” J. Bacteriol., 
Feed substrate concentrate, mg/mL vol. 113, p. 834, 1973.) 
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| . reveals the disappearance: of sustained oscillations when D decreases in accordance with the experi- 
E mental findings. Thus we have seen here how experimental data plùs theoretical ey. analysis can 
find weaknesses in a mathematical model and test an alternative formulation. 


13.5 EFFECTS OF THE NUMBER OF SPECIES 
AND THEIR WEB OF INTERACTIONS 


In this section we shall proceed from specific to rather abstract examinations of 
how mixed populations with more than two species behave. Before starting our 
investigation of these sometimes difficult matters, we require some additional 
terminology from the science of ecology. 


13. 5.1 -Trophic Levels, Food Chains, and Food Webs: : 
Definitions and an Example ` l 


‘Often i in nature, there is a hierarchy of boei EE Fo or exam- 
„ple, the bacteria in the previous section are the consumers of the food glucose, 

and these bacteria in turn are food for protozoan consumers, which are then- 
‘consumed by larger organisms. Such hierarchies are called food chains, and the 
,Successive steps in the chain are designated trophic levels. Usually, food chains 
re not isolated from each other but merge and intertwine to form food webs. A 
imple food web, which has been studied in the laboratory, is illustrated in Fig. 

3.15; here, two food chains (substrate > prey 1 + predator and substrate > ‘prey 

predator) overlap at the first and third trophic levels. 


Predator 


Tetrahymena pyriformis Third trophic level 


Prey 2 
Azotobacter vinelandii 


Figure 13.15 Schematic diagram of a 
simple food web containing three 
Second trophic level trophic levels. The two bacteria in the 
second level, which both consume the 

nutrient of the first level, are both 

consumed by the protozoan predator 

in the highest trophic level. ( Reprinted 

- from J. L. Jost et al., “Interactions of 

Tetrahymena pyriformis, Escherichia 

l l coli, Azotobacter vinelandii, and Glu- 
“Limiting substrate First trophic level -Cose in a Minimal Medium.” J. Bacte- 

(glucose) - - ~ viol, vol. 113, p. 834, 1973.) 
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Before reviewing experimental results for the food web shown in Fig. 13.15 
we should recall earlier discussions of its various components. Considering only 
the first and second trophic levels, we have a competitive situation and the exclu- 
sion principle applies. In fact, Fig. 13.7 illustrated the validity of the exclusion 
principle for the first two trophic levels in question. Also, the glucose > prey 
2 > predator system of F ig. 13.15 has been studied experimentally and found to 
. yield sustained oscillations under some conditions (see Fig. 13E3.2). Consequent- 
ly, it will be quite interesting to see what types of dynamic behavior emerge when 
these and one more prey-predator pair coalesce into the food web of Fig. 13.15. 

_ Results of an experimental study of this web in a chemostat with D=01h7! 
are shown in Fig. 13.16. The most notable feature of these results is the coexis- 
tence of the two bacterial competitors when they share a common predator. 
Thus, the addition of a predator for both competitors has a stabilizing effect: 
washout of one of the competitor species is avoided. 

Although oscillations are evident in the concentrations of all three popula- 
tions, the fluctuations are smaller and smoother than in the simpler predator- 
prey food chain. Unfortunately, the data do not extend beyond 8 days, so that 
possible damping of the oscillations cannot be ruled out. The experiment was 


stopped at this point by rapid and extensive growth on the walls of the chemo- . 


Stat. 


So = 0.49 mg/mL 
0 =7.4 hours: D=0.135 h-! 


T. pyriformis 


A. vinelandii 


Glucose 


“mg/mL  Celis/mL, x 10-7 Cells/mL, x 107° Cells/mL, x 107? 


Time, days 


F igure 13.16 Experimenially observed oscillations in the concentrations of members of the food web 


shown in Fig. 13.15. ( Reprinted from J. L. Jost et al., “Interactions of Tetrahymena pyriformis, 
Escherichia coli, Azòtobacter vinelandii, and Glucose in a Minimal Medium.” J. Bacteriol., vol. 113, p. 
834, 1973.) ee neni 
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13.5.2 Population Dynamics in Models of Mass-Action Form - 
For the remainder of Sec. 13.5, we shall consider abstract methods for analyzing and characterizing 
complex. interacting populations. Note that many of the results cited here will also-apply to complex - 
biological reaction systems. Indeed. a frequent starting point in formulating ecological models is the 
assumption of a set of microbial “reactions” such as those above Eq. (13E3.4). Since the theory 
outlined in this subsection relies heavily on a chemical-reaction orientation, let us consider an addi- 
tional example of application of this approach to microbial growth models. 

Suppose that the following reactions occur in an isothermal, homogeneous, constant-volume 
system to which component B is added continuously so that its concentration Stays constant: - 


2 


E A+B —5> 2, A+A —* > 2a,. A, —2> C (B35 


Moreover, we shall assume that each reaction is elementary as written, so that the. kinetics follows 
directly from the reaction stoichiometry. Consequently, for reaction system (13.35), we have 


LEE ds ea ae oman tate ede 


ry =k,a,b . r =k,a,a, r3=k,a, -` oka | (13.36) 


erate i 


As a matter of convention, we need not. include in our analysis concentrations which are time- 
invariant. To this end, let us define 


lee ee ey (13.37) 
so that r, is l ap G2 zr a3 | 
hy via | (13.38) 


The mass balances for A, and A, can now be written 


l - dap > f y kn 

3 ae = k*a,—k,a,a, . | 103) 
d $ ie 

= = k,a,a, —-k3a, (13.40) 


which, upon comparison with Eqs. (13.9) and (13.10), we recognize as the Lotka-Volterra equations. 
Now let us progress toward presentation of some very general and powerful theorems. which 
apply to such mass-action kinetic systems. These results often will permit us to conclude, relying only 
on the algebraic structure of the reaction network, that a given system has a single steady state which 
is globally asymptotically stable. Here the term algebraic structure refers only to the way species are 
transformed and connected in the reaction network: the results we shall reach apply independent of 
the specific values of the rate constants or other operating parameters. E iy & 
_ Treasures like this theory, developed by Horn, Feinberg, and Jackson [9], rarely come free so 
we must learn several new concepts and definitions. Our understanding of them will be greatly 
facilitated by reference to several examples. Some hypothetical mechanisms, as well as two of interest 
in. our biological studies, are listed in Table 13.6. We recognize (3) as an equivalent form of the 
Lotka-Volterra mechanism, and (6) is one of the proposed models for glycolysis. (Can you identify A, 
through A, in terms of some of the compounds in the glycolytic pathway?) The zero species 0 
appearing in these two mechanisms has the following significance: 0 + A j means that component A, 
is added to the system at a constant rate. Such a reaction would be used to designate, for example, the 
Addition of substrate to a chemostat via the feed stream. Writing A, +0 means that A, is removed 

from the system at a rate proportional to its concentration, as in removal of a species from a 
` chemostat in the effluent stream or the death processes of a species. Thus, the zero species is used to 
introduce interactions with the system environment: it is the use of this device which permits applica- 
tion of the mass-action theory to open systems. , 
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Table 13.6 Various reaction mechanisms to illustrate definitions and conclusions of 
mass-action theory*- - i — ; 


-2A, ———— A, A, +A, D ft A, —— A, , 
ie R AtA, —> A, ® 
2A, . : Nk : a : ; 
Z 2 
A; +A, <—— A, 2) Az + As 
A, —————> 2A; ` Ay A, 
A, +A, ——— 2A, . (3) A, +A; ———> Ag (5) 
Ay ae D IS Pa 
Ay + As 


t From M. Feinberg and F. J. M. Horn, Chem. Eng. Sci., 29: 775 (1974). 


Next we need to define three integers for a reaction mechanism. These are n., the number of 
complexes in the mechanism; n,, the number of linkage classes in the mechanism; and n,, the dimen- 
sion of the mechanism. Each of these in turn requires additional definitions. First, a complex is an 
entity which appears either at the head or the tail of a reaction arrow. For example, mechanisms (1) 
and (2) in Table 13.6 have three complexes: 2A,, A,, and A, + Ag, so that here n, = 3. The Lotka- 
Volterra mechanism (3) has n, = 6 (A,, 2A,, A, + A3, 2A>, Az, and 0), while there are five complexes 
(n. = 5) for mechanisms (4) and (5): A,, Az, Ay + A3, Ay, and A, + Ag. — 

_ . Turning now to linkage classes, let us disregard the direction of the reaction arrows and con- 
sider the complexes on either end of an arrow to be linked by that reaction. Considering mechanism 
(1), for example, we see that the complexes 2A, and A, are linked directly in this manner. Also, while 
the complex A, is directly linked to the complex A; + A4, we can say that the complexes 2A, and 
A; + A, are linked indirectly: we can get from one complex to the other along some path consisting 
of direct linkage steps. A linkage class is a set of complexes which are all linked to one another either 
directly or indirectly such that no complex in the set is linked to any outside the set. 

_~ From what we have just said about mechanism (1), it has one linkage class {2A,, Az, As + A,}, 
so that n, = 1 for this mechanism. Mechanism (2) has the same single linkage class. Mechanisms (4) 
and (5) have two (n, = 2) linkage classes, which are {A,, A,} and {A, + A3, Ay, A, + Ag}, and n = 3 
for mechanism (3): {A,, 2A,}, {A, + Az, 2A3}, {A2, 0}. 

The concept of weak reversibility is related to the linkage notion. Now we consider the direction 
of the reaction arrows and ask the following question: If there is a directed-arrow pathway leading 
from one complex to another, is there also a directed-arrow pathway leading from the second back to 


the first? If the answer is yes for any pair of complexes in the mechanism, we say that the mechanism 


is weakly reversible. on l 

Mechanism (2) in Table 13.6, for. example, is weakly reversible: We can move from complex 
A; + A, to complex 2A, in a single step, and we can return from 2A, to A, + A, by a two-step 
directed path through A,. Moreover, similar arguments apply to every pair of complexes in the 


mechanism: Applying the test underlying the weak-reversibility concept to the other example mecha- ° 


nisms, we conclude that (1), (3), (4), and (6) are not weakly reversible and that (5) is. 

One final preliminary matter must be considered before we reach the main theorems. To this 
end, we define a reaction vector for each reaction, i.e., each arrow, in the mechanism. If there are a 
total of M different chemical species A,, A3, A3, ... , Ax in the mechanism [M = 4, 4, 2, 5, 5 for 
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e T ash A Ate easy ners EJ 


EE nan aE a z 
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mechanisms (1). to (5), respectively], each reaction vector will have M elem 
determined as follows: the ith element is zero if A; does not appear in the reaction. If A; does appear 
the ith entry is the stoichiometric coefficient of A,. This coefficient is assigned a negative sign if A, is 
on the tail side of the reaction arrow and positive if the reaction arrow points towards: A,. 7 

For example, mechanism (1) of Table 13.6 has three arrows and four species, Each of these 
reactions is rewritten below along with the corresponding reaction vectors: 


ents. These elements are 


2A, ——> A; l y= (-2, l, 0, 0) 
A, ———> A+A v, =(0,-1,1,1) 
A, +A, —— > A, v = (0,1, -1, -1) 


From the set of reaction vectors so obtained, we next determine the maximum number of these 
vectors which are linearly independent. This number we call ns, the dimension of the mechanism. For 
instance, n, = 2 for mechanism (1), since v, and v, above are linearly independent but v, is not 
independent of these two (v, + v; = 0). l 

With the necessary foundation now established, we shall state the zero-deficiency theorem [9]. 
Suppose that for a given mechanism 


n,m —n, =0 oo (13.41) 
Then: 


1. For any kinetics, mass-action or otherwise, neither a steady state with all M- concentrations 
positive nor periodic oscillations of the concentrations are possible if the mechanism is not 
_ weakly reversible. _ l Ta . yy Aine 8° 
2. If in addition to condition (13.41) the mechanism is weakly reversible and the kinetics are de-. 
`, scribed by mass-action forms, for all stoichiometrically equivalent positive initial compositions, 
there is a unique steady state which is globally asymptotically stable. This conclusion applies 
regardless of the rate-constant values. l : folks Ses 


; Two terms in the last sentence deserve further explanation. Positive means that each species has a 
< positive concentration* Stoichiometrically equivalent compositions are those which can be trans- 
lormed into each other by running one or several reactions in the mechanism in the forward or 
reverse direction. Considering first only A, = 2A,, the initial concentrations (a,9, a9) listed next are 
equivalent stoichiometrically: (2, 4), (3, 2), (1, 6), and so forth so long as 2419 + az = 8. Further, for 
nechanism (1), the following positive initial compositions (4,4, @29, 430, Ago) are stoichiometrically 
valent: (2, 1, 1, 1), (3, 4, 1, 1), (2, 4, 14, 14), (2 14, 4, 4), etc. te ae Oe Se Ginn ee, 
The power of this theorem ultimately depends on how many reaction mechanisms satisfy condi- 
(13.41). Horn has explored this question and found that the vast majority of possible mecha- 
are consistent with (13.41). Our examples of Table 13.6 are therefore a somewhat atypical set, l 
only four [(1), (2), (3), (5)] of the six satisfy (13.41). Let us now consider further the potential — 
cations of this theorem. | - p's ; gee ae 
Suppose we wish to model an oscillating mixed population by postulating: á population “reac- 
echanism involving several elementary steps with mass-action kinetics. The theorem then tells 
t for any chance of success, the mechanism must violate either: condition (13.41) or weak ` 
tsibility. Indeed, this is the case for mechanisms (3) and (6), both of which give rise to sustained . 
ations. Since the vast majority of mechanisms we could choose will violate neither, we can use 
eorem’s conclusions to limit greatly the scope of our search. On the other hand, part 2.of the 
em tells us that for mass-action weakly reversible mechanisms which fulfill (13.41), asymptotic 
ity in the large is assured regardless of the exact location of the unique steady state or the values ` 
rate constants. Thus, in such cases, we need not bother with local-stability analyses or search 
icks to verify stability on a global scale. - a eee teat ei 
art 1 -of the theorem also has important ecological consequences. It asserts that if (13.41) is 
while weak reversibility is not, some of the concentrations will be zero at steady state. From 
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a population-dynamics viewpoint, then, this theory permits us to discover mechanisms for which at 
least one species becomes extinct. = l 


Example 13.4: An application of the mass-action theory’ In order to illustrate the usefulness of the 
zero-deficiency theorem, we shall use it to investigate the dynamic behavior of the following mecha- 
nism: l 


eee, (a) 
Jp ns eee) are a (b) 
Aenea 3A, (e) 
Atan 3a, @) 


which will be assumed to follow mass-action kinetics. The complexes for this mechanism are 
3A, A,+2A, 3A, and 2A, + A, 


so that n, = 4. Next we note that the mechanism is weakly reversible. In fact, following the reaction 
arrows in the sequence (a) to (d) reveals a single directed path which connects all four complexes. 
Thus, there is only one linkage class and n=l. ' 
~ | To find the mechanism dimension, we form four reaction vectors, oħe for each arrow in our 
mechanism. Each vector has two components since only two species, A, and A,, are involved in this 
system. The reaction vectors are 


= (-22) %=(2-2)  v.=(-11)  w=(1,-1) 


Since —2v, = 2v, = —v, = v,, there is only one linearly independent reaction: n=l. 


. “Testing condition (13.41) for our mechanism, we find 


n,—n—n,=4-1—1=2 


‘so the condition is not fulfilled. Consequently, we cannot rule out the existence of oscillations or 
multiple steady states for this mechanism. Indeed, Feinberg and Horn show that for k. =k, =1 and 
ka = k, < $, we shall observe multiple steady states for this example. 


13.5.3 Qualitative Stability 


In the preceding subsection, we have perused some of the strongest theoretical 
tools available for a class of nonlinear process models. Our concluding studies of 
the influences of ecosystem size and complexity will concentrate on the linearized 
model. First we shall consider what can be said about stability based only on the 
signs of the entries in the community matrix. . . 
= Fal eigenvalues of A have negative real parts regardless of the magnitudes 


* This example is based on a discussion in Feinberg and Horn [9] and is intended for illustrative 
Purposes only. It does not necessarily correspond to any actual microbial or biochemical reaction 
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- of the nonzero elements, we shall say that A is qualitatively stable. Necessary and 
sufficient conditions for qualitative stability of A are the following: 


la, <9 | allj 
2...a;; <0 for at least one i 
, 3. ajap s0 foralli ¥j 
4. For any sequence of three or more “inequal indices Ee Seer E 
Qj jn °° Os Ase = 0 
5. det A #0 


As discussed by May [5], each of these conditions has a direct physical 
interpretation. Condition 5. ensures that the linear system (9.30) has a unique 
steady state at y = 0. While condition 1 requires that the autonomous specific 
growth of every species be nonpositive, condition 2 strengthens this restriction by 
stipulating that at least one of the autonomous specific growth rates be negative. r- 
Condition 4 states that there are no closed loops of interactions containing more i 
than two species. . . i 

Especially interesting in light of the interaction siassificatons in Table 13.4 is 
condition 3. Interpreted from an ecological outlook, it states that no mixed popu- 
lation exhibiting a mutualistic (a,; and a; both positive) or a competitive (nega- 
tive aj and ay) pairwise interaction can be qualitatively stable. On the other 
hand, all three remaining nontrivial interactions, namely commensalism, amen- 
salism, and predation, satisfy condition 3. 


ki 
4 


This mathematically rigorous statement may be plausibly extended into the broader, if rougher, - 
statement that competition or mutualism between two species is less conducive to overall web i 
stability than is a predator-prey relationship. It is tempting to speculate that stability consider- 
ations may make for communities in which strong predator-prey bonds are more common than ; 
_ symbiotic ones. This result is not intuitively obvious, yet it is a feature of many real world *- 
ecosystems ... [5, p.73]. . As 


Example 13.5: Qualitative stability of a simple food web? Consider the simple food web sketched 
schematically in Fig. 13E5.1«. The arrow from species 1 to species 2 indicates that species 2 feeds on 
‘Species 1, so that a,, > 0 and a,, < 0. All the other arrows have analogous interpretations. Conse- 
quently, we can determine from the figure that the community matrix A, corresponding to this web 
has entries with signs as indicated: 


l 

f Spei 

i Asje — -Po oe -© (B3E5.1) 
4 ghp a OE ETN pa oy a ge 
where it has been assumed that all species have negative autonomous specific growth rates. Checking 
S this sign structure against the qualitative stability conditions, we see that, før instance, 


4424230,,>0 . (13E5.2) 


| t This example is based on a discussion in May [5]. i 
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3 3g. 3 
a 2 B 2 y 2 
Figure 13E5.1 Three simple food webs, rach with three trophic 


1 l l levels. 


so that condition 4 is violated. Hence there exists some choice of magnitudes for the a,; for which the 
system is unstable, and we must check the real part of the matrix eigenvalues or an equivalent 
condition such as (9.41), employing the specific numerical values for the a;;. 

In cases f and y (Fig..13E5.1), however, the sign structures of the corresponding community 
matrices take the respective forms 


` gg g 0 z ai H | 
Ay = |: = ] and A, = F a | (13E5.3) 
0 + -9l + 0 - 


Obviously conditions 1 to 3 are fulfilled for both these matrices. Checking condition 4, we see that 
det A, < 0 and det A, < 0, so that singularity is no problem. F inally, the physical interpretation of 
condition 4 and examination of Fig. 13E5.1 immediately reveal that no closed loops of more than two 
species appear in webs £ or y. This. could also be checked by applying condition 4 directly to (13E5.3). 

Therefore, food webs f and y, both obtained by removing one trophic link from web a, are 
stable regardless of the numerical values of the a;;. 


13.5. 4 ce Large, Randomly Constructed Food Webs 


Next we shall reyjew some fascinating work by Gardner and Ashby,’ May [5], 
and McMurtrie?¥on the relationship between stability and ecosystem size and 
complexity. Suppose that the system contains p different Species which if left 
alone would all exhibit negative autonomous specific growth rates of similar 
magnitudes. By suitably scaling time, we can then assume that each species con- 
tributes an element — 1 to the main diagonal of the community matrix. 

The effects of interactions will be represented by a matrix B, so that the 
community matrix A takes the form 


A=B-I (13.42) 


where I is the p x p identity matrix. The extent of interactions and their magni- 
tudes will be specified by two parameters, the connectance C (0 < C < 1) and the 
strength o”, respectively. 


tM. R. Gardner and W. R. Ashby, Connectance of Large Dynamical (Cybernetic) Systems: 
Critical Values for Stability, Nature, 228: 784, 1970. 
? Paper in preparation cited in Ref. 5. 
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B matrices will now be selected at random (we-can use a random-number 
generator to pick each element b;;) with the following constraints: 


the probability that any b,iszerois1—C. ` i 
Nonzero elements have an equal probability of being positive or negative. Thus 
the mean of these ;; is zero. i l 
The mean square value of the nonzero b;; is o°. 


Of the p? matrix elements b;j, a fraction C will be nonzero. Stated more precisely, 


For each B matrix so selected, we can evaluate A with (13.42) and then 
pursue standard stability tests. The question of major interest here is this: What 
-is the probability that a particular B matrix chosen from the randomly selected 
set gives a stable model? From our formulation it is evident that this probability 
will depend on the three parameters p, C, and o?. May has shown that if pèl, 
the probability that the system is stable approaches unity when 


À aJ/pC<t > > (13.43) 


On the contrary, if p> 1 and l as 
E OfPC> Le 34A 
the system is almost certain to be unstable. F igure 13.17 shows results of Monte 
Carlo simulations which are very consistent with Eqs. (13.43) and (13.44). 
Consequently, we have seen that the more species which are present (larger 
p), and the greater the number which interact (larger C) and the more intense the 
effect of interaction on growth (larger c), the more likely it is that the ecosystem 
will be unstable. While this conclusion is certainly consistent with stability 
studies. of many other types of dynamic systems, we should emphasize here that 


the current thinking of many ecologists runs in the opposite track. Since the 


wo of. 


E a | ee. a 
Figure 13.17 (a) The vertical lines are the results of numerical Monte Carlo calculations of the largest 


 feal-part eigenvalue of random matrices with ¢ = 0.5, C = 1. These results and the dashed line, which 
Corresponds to Eqs. (13.43) and (13.44), show that instability becomes more likely as the number of 


Species p increases. (b) Similar results with o = 0.5, p = 40. Here the destabilizing effect of population 


interactions is evident. (Reprinted from R. M. May, “Stability and Complexity in Model Ecosystems,” - 


Princeton University Press, Princeton, New Jersey, 1973) __ 
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highly stable ecological systems which occur in nature tend to involve many 
species with a very complex web of interactions, it is often assumed that diversity 
and complexity in an ecological system. make for increased stability. Although 
empirical observations of natural systems support this view, mathematical ana- 
lyses like those outlined above do not. 


May [5] suggests an idea for resolving this apparent dilemma. Although, on- 


the average, diversity and complexity tend to destabilize a system, the natural 
world is anything but an “average” system. It has evolved over millennia to its 


present state, presumably selecting stable interrelationships among populations 


in preference to unstable ones. This thesis suggests an interesting avenue for 
future studies in mathematical ecology: find what special characteristics a large- 
scale system should have to be stable. In a sense, the results summarized in the 
two previous subsections are steps in this direction. : 


13.5.5 Bifurcation and Complicated Dynamics 


One useful way to think about steady-state and dynamic behavior of complex, interacting multiple 
species systems is to consider the changes which occur as a system parameter (e.g., nutrient concen- 


tration, dilution rate) shifts smoothly. Substantial, qualitative changes frequently arise including ap- - 


pearance of additional steady states or of limit cycles. Also, stable limit cycles may become unstable, 
leading to more complicated, often nonperiodic, transient behavior. In the extreme, trajectories may 
assume an almost random nature and are then termed chaotic. 

Mathematical analysis of these qualitative changes in system dynamics arising from variation of 
one or more system parameters is the domain of bifurcation theory. This theory is important because 
in many cases the genesis of nonlinear features can be determined from relatively simple, linearized 
calculations. Only the beginning elements of this theory can be summarized here: additional back- 
ground informationjand guidance to more advanced literature can be found in the chapter references. 

We have alregily discussed local stability analysis for two-species systems in Example 13.1. 
Recalling Sec. 9.2.2, the steady state n, is locally asymptotically stable for the multiple species case if 

and only if all eigenvalues of the community matrix [Eq. (13.2)] have negative real parts. Any 
eigenvalue with positive real part implies instability of the steady state n,. 

Now suppose that, starting with a system with a single, locally asymptotically stable steady 
state, conditions (i.e. model parameters) change and the eigenvalues of A shift as well. A number of 
nonlinear phenomena can appear if the steady state loses stability, meaning one or more eigenvalues 

- moves from the left- to the right-hand complex plane. These are characterized by the eigenvalue(s) 
position(s) when crossing the imaginary axis. 

If a single eigenvalue crosses with zero imaginary part, steady-state bifurcation, meaning appear- 
ance of additional steady-state solutions of the system equations, occurs. Oscillations are unlikely. On 
the other hand, if a conjugate pair of eigenvalues crosses the imaginary axis at tic, an oscillation 
appears.. This is called a Hopf bifurcation. The steady states or oscillation which appear at bifurcation 
may or may not be stable; further analysis is needed to resolve this question. More complicated 
bifurcations, in which other eigenvalue configurations transit the imaginary axis, and bifurcations 
resulting from loss of stability of limit cycles are introduced in the references. 


13.6 SPATIAL PATTERNS E 


Up until now, we have assumed that all populations are uniformly dispersed, or well mixed, within 


the volume of interest. While convenient for modeling and analysis, this assumption of spatial unifor- _ 


mity is not necessarily correct. Many systems have internal gradients of environmental conditions 
which tend to force inhomogeneities in population characteristics with position. 
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-Even more interesting are the numerous cases where spatial differences in one or several mi- 
crobial populations arise spontaneously in the absence of any environmental gradients. Although 
much additional research is required to explore the detailed mechanisms whereby such conditions 
arise and are maintained, we can safely assume that spatial differentiation is caused by interactions 
between the individuals involved. These individuals may be members of two different species or cells 
of a single species at different stages of development. 

A vivid example of this phenomenon is presented in Fig. 13. 18, which shows regular seordladen 
of the fungus Nectria cinnabarina at 1-mm intervals. Evident here is a spatial periodicity: as we move 
away from the colony's center, we periodically encounter bands: It is intriguing to speculate that the 
physicochemical mechanism underlying development of spatial periodicity is the same in concept as 
that causing periodicities in time. Some mathematical studies point to this conclusion, although it is 
TE fár from proved in general. Also, there is an actual chemical-reaction system which supports this 
I i- hypothesis. Left unstirred, the Belousov-Zhabotinskii reaction generates spatial patterns which can 
| 
} 


. also fluctuate with time. Well mixed, this system exhibits periodic oscillations i in time. E 
While much more could be said on this fascinating subject, we have space to consider here only 


one simple model of spatial differentiation. Access to. other work in this field is available in the 
references. 


saaan atoi 
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üre 13. 18 This photograph of a 6-cm-diameter mycelial colony of N. cinnabarina shows a ‘regular 
ial pattern of sporulation which appears here as spore ridges about 1 mm apart: ( Reprinted from 
ale S Polymorphit Pattern Formation in the Fungus. Nectria,” ” J. Theor. Biol., vol. 38, p. 363, 
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Following the work of M. E. Gurtin [11], consider two 


species, 1-and 2, which are confined to a 
one-dimensional strip from z = 0 to z = L. The confinement l 


condition means that 
ôn, ôn, ; 
=—=—=0 atz = 0andz= L 

Oz êz 


We shall also assume that neither species multiplies or dies. As will be proved shortly, this assump- 
tion, combined with condition (13.45), implies thåt the total number of n, and n, within the region is 
constant. 


Several arguments exists for supposin 


g that the fluxes (numbers per unit time crossing a given 
position z) J (z) and J,(z) are given by - 7 


n ONy(z) ôn(2) ; 
J4) = -Da = — Dy ~az  Í=L2 - (13.46) 
Of course we recognize (13.46) as a general Fick’s law relationship for movement of populations. We 
shall assume for the remainder of this analysis that the flux of species 1 is much more sensitive to the 
gradient of species 2 than to its own gradient and that species 1 will move in the direction of 


decreasing density of species 2. This suggests assuming that 
Dy =0 D,, =D >0 


A little reflection upon this assumption, perhaps after this anal 


ysis is completed, will reveal that it is 
reasonable in many instances. Makin 


& a similar assumption for species 2 gives. 
Da =D,>0 D, =0 


(13.48) 
Under these conditions, the unsteady-state popula 


tion balances for organisms 1 and 2 are 


amy dng | (13.49 
at T Pe ar 3 Ca) 
an, pa | 13.50 
a ae ( se 


: y conditions are already indicated in (13.45), 
starting distributions #, 


and initial conditions are the 
o(Z), %29(z) of the two populations: 


n{z,0)=no(z) i=1,2 © 


(13.51) 
Adding Eqs. (13.49) and (13.50) gives | | 
oo ` ôn pon ae ae 
at? 3,2 (13.52) 
where n is the total population at a point 
n(z, t) = n (z, t) + n,(z, t) (13.53) 
From conditions (13.45) and (13.51), we can readily show that 
On ; 
5, =9 atz=Oandz=L (13.54) 
Oz 
and m(z, 0) = myo(2) + nzo(z) (13.55) 


This boundary-value problem for n is of the Standard form amenable 
variables. Without writing the transient Tesponse, we need onl 
lution approaches a constant E as time increases: 


to solution by separation of 
y recall for the moment that the so- 


lim n(z,t)=E 7 3.56) 
t- œ ° 


(13.45), 
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- We can evaluate E by integrating Eq. (13.52) from z = 0 to z = L to find ` 


oap ; L ĝ?n(z, anad p ôn(L, t)  ôn(O, ty ee 
2 ined =D if i. ir dz Gee) 
Condition (13.54) reveals that the right-hand side of (13.57) is zero, from which we deduce that 
| n(z, t) dz = const ni 58) 
o l 


Next, we apply Eq. (13. 58) at large times [Eq. (13.56)] and the initial time t = -o to assert that 


L L 
| Edz= D [nio(z) + m29(z)] dz (13.59) 


The left-hand side of Eq. (13.59) is simply EL, and so E follows immediately, permitting us to restate 
Eq. (13. 56) i in | the form a . 


sg 1 fL eae Lo ae? 
lim n(z, t) = L a (1, 9(z) + Mz9(z)] dz o . ~ (13.60) 
t>o o 
Consequently, we have shown that as time increases, the total Population density PE a 
constant equal to the average density. : 

More interesting results are available ifw we consider the , difference w bikea the two sepulatiéa 
densities 


wann 8.61) 
Combining the equations and conditions on n, and n, in a manner parallel to the previous develop- 
ment gives : . 
ha a S 13.62 
a az apal 
¢ ôw 
—=0 atz=0andz =L (13.63) 
Oz ae 
and w(0, z) = Wo(Z) = M4 9(Z) — N29(Z) (13.64) 


Here, however, the similarity with the n problem ceases. Those who have studied parabolic partial 
differential equations will immediately recognize Eqs. (13.62) to (13.64) as an ill-posed problem. 

At any point z where w,(z) is nonzero, the magnitude of w will grow without bound as time 
advances. We can illustrate this general conclusion with a specific example. When we take 


knz - 3 ee et et ene 
W (z) = € cos EA (13.65) 
a solution of Eqs. (13.62) to (13.65) is 
nz D, a fe 
w(z, n= = £ COS —— exp t (13.66) 


L 


Clearly, w(z, t) approaches either plus or minus infinity as t + œ except at the points where wo(z) is . 
zero. Of course, this result is physically meaningless once either n, or n, reaches zero, ang we must 
assume that once this has occurred our model no longer applies. ; 

This result plus Eq. (13.60) indicates that unless n,o(z) = n29(z) at a point z, one of the species 
wili vanish at that point as time progresses while the other will approach ‘a constant value. The ` 
species which survives in a given spatial region will be the one initially present in greatest density. 
Thus, the end result i is total segregation of the two interacting populations, 
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This previous example, although amenable to complete analysis, is rather Sota of the types of 
interactions which describe and result in spatially heterogeneous multiple populations in practice. 
Other important situations include the interplay between environment composition gradients and cell 
chemotaxis (movement towards nutrients or away from inhibitors; see, for example, Ref. 29 and Prob. 
13.15). Also, nonlinear interactions in a spatially uniform situation can result in instability, leading to 

“symmetry breaking” and “pattern formation.” There is an extensive and rapidly growing literature 
in this area. Interestingly, systems which exhibit oscillations in well-stirred reactors are also frequently 


the ones which form patterns in space in stagnant systems, with diffusive transport of solutes (and © 


perhaps of cells). Spatial patterns which oscillate in time are observed, for example, in slime molds. A 
beautiful summary of mathematical aspects of spatial and temporal order arising from kinetic insta- 
bilities i in chemical reaction systems is provided in Pismen’s review [30]. 


In this chapter we have explored some of the biological and mathematical 
principles which underly the behavior of multiple interacting populations. We 
have seen that experimental studies of these systems are possible under carefully 
controlled conditions and that mathematical models can be formulated which are 
consistent with the general features observed in the laboratory. Next, in Chap. 14, 
we leave the sheltered environment of. laboratory, analysis, and computer to 
consider some of the extremely complicated mixed-population systems which 
occur in nature and which are exploited industrially. We shall discover that our 
fundamental studies just concluded are very valuable in these contexts, even 
though we still lack the iia insight to accomplish predictive analyses of 
complex ecosystems. 


PROBLEMS 


13.1 Competition in batch growth Two competing species A and B are placed in a batch fermentor 
containinga substrate concentration sy > K4, Kg, where 
i= A,B 
= —_— I = 3 
Hi Š i 
Show that at substrate exhaustion, 
(gm A(n By B — const 


where nap, Ng, = cell populations: when s = 0. (This result was observed by Talling [31] using mixed 
diatom cultures.) 


13.2 Simple mutualism model Meyer, Tsuchiya, and Frederickson [32] have examined the stability of 
two mutualistic populations with the forms 


‘= D i=1,2 
a n; + Hin; I=], 
ds; co snoi 
g7 FR = Pairt ij=1,2;i#j 


Here it is assumed that the medium contains all necessary nutrients gaa $S, (produced by n,) and s, 
(produced by n,). 

(a) For each of the seen forms M; = Hmax,iSi ANd p; = Ua, ;S:/(K; + sò, show that only two 
steady-state solutions exist and that the nonwashout solution exists only if a,, > B,B, and, addition: 
ally, for the Monod substrate dependence. if D < minimum of (Hna. ;, i = 1, 2). 


- 


Ci 
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-(b) Show by a Taylor's series expansion about the nonwashout solution of part (a) that the 
solution is unstable and hence that a ‘Purely mutualistic interaction of the sort considered above 
cannot exist. 


13.3 Mutualism plus competition Meyer et al. [32] suggest that one resolution to the result of Prob. 
13.2 is to add a dependence of the two species on-a common substrate, s,, which appears as a 
separate factor of the Monod form in each growth equation, for example, Eq. (7:34). 

(a) Write out the five equations now needed to describe transient chemostat: behavior: 

(b) Discover (by graphical or computer means) the solutions when Pax = 0.3 h7}, pax = 
0.2h7', K, = 1073 g/L, K, = 0.002 g/L, K,, = 0.02 g/L, «, = 40, ste = = 2.0, a, = 10.0, $, = (10.0, and 


` the yield factors for s, are Y, 13 = 2.5 and Y, = 5. 


(c) Expand the original set of equations in a Taylor’s series ‘again, and establish the (in)stability 
to small perturbations in each variable. 
13.4 Mutualism with substrate inhibition A second modification of the conditions of Prob. 13:2 which 
leads to some stable nonwashout solutions (coexistence) in a chemostat arises when the equation of 


Andrews (7.32) is assumed to govern species growth: 


= Umax. iSi 
l= K, + s, + sK! 

(a) Write out the system equations for the time evolution of a chemostat: - 

(b) Show that, four coexistence solutions (not including washout) may.-exist ‘at steady state 
provided aa, > 8,8, and D < minimum of the maximum absolute values which wd =.1, 2) above 
can have. 

(c) Show by linearized stability analysis that the aay: state will i stable if the following 
conditions are satisfied: 


B,A, + B-A, > 0 and 5, < VKK; and 5, > JKK, 


or the reverse for both inequalities. . 


£ | max ifi K;K; — § ; 
A, = e 3 as i=1,2 
KICK; + 5 + SK] 


(The bar over a variable indicates the steady-state "P 

(d) The meaning of the inequalities in the stable solutions is that stability arises only when one 
species is substrate-rate-limited and the other is substrate-inhibited. Indicate by sketches why such a 
system is stable to perturbations in s,, s, and why simultaneous limitation or inhibition for two 
species is unstable. i _ uA oy WEG eee ok Sea 
13.5 Methanobacillus omelianskii In the text discussion of mutualism, an anaerobic example was 
mentioned involving the two species now known to make up “M. omelianskii” (Sec. 13.1): 


Specie 1 


CH,CH,OH + H,O CH,COO- + Ht + 2H, 


Specie 2 
4H, + CO, E CH, + 2H,0 


Thus, the first species produces substrate for the second but is.now inhibited by its own product, H,. 
(a) Why is this interaction mutualism rather than a form of commensalism? 

(b) Write out appropriate transient system equations assuming reasonable forms for inhibition 

by Hp. A er EAN 

(c) Discuss the system stability using a Taylor's se series expansion about a steady state. 


13.6 Particles with aerobic and anaerobic zones In soil aggregaies, obligate anaerobes ‘May exist.in.the 
center of the moist aggregate, and their propagation toward the periphery depends on the reduction 
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of dissolved oxygen to a subcritical level 


1 atm aerobic 
air © N, 


Aggregate 
surface 


(a) Write down the equations describing the system behavior for the following cases where 
carbon nutrient S, is continuously trickled over the outer soil-particle surface: l 


1. N, requires both nutrient S, and oxygen, and N, consumes product from N 1 and returns noth- 
ing. | l 
2. N, and N, compete for the nutrient S,; no other interaction. 


- (b) How does the nonuniformity of the oxygen distribution, giving rise to aerobic and anaerobic 
niches, change stability concepts from those in Probs. 13.2, 13.3 and 13.4? 


13.7 Niches from imperfect mixing Figure 13.8 indicates that the dilution rate will determine the 


dominant population for a two-species system consuming a common substrate if growth functions py, 


mixed reactor consider a division of the reactor into two well-mixed Systems, each with its own 
dilution streams. 

(a) Write the system equations for two species in such an imperfectly mixed system. 

(b) Establish under what conditions one population dominates one vessel and the other the 
second, i.e., under what dilution rate, etc., a spatial niche stabilizes the otherwise unstable coexistence 
of the two species shown in Fig. 13.8. 

(c) Why do students and faculty live in separate housing? 

13.8 Feinberg-Horn-Jackson analysis For Probs. 13.2 through 13.5, 
(a) Write down the microbial System description in the terms of the Feinberg-Horn-Jackson 


(d) How would you apply this analysis to a tanks-in-series reactor configuration? 
13.9 Intracellular network stability The Feinberg-Hom-Jackson approach applies to any system ex- 
hibiting mass-action kinetics, thus to intracellular reaction networks. 

(a) Write out in appropriate notation the reaction Steps involved in nucleotide biosynthesis 
(Fig. 6.20). a l i 

(b) Determine from the zero-deficiency theorem whether the normal network (Fig. 6.20a) or 
mutant network (Fig. 6.20b) is stable or may exhibit oscillatory behavior. l 


13.10 Leslie’s equations Leslie [29] suggested a predator-prey formulation of the form 


E E A = Le 
dt eee a ae 


(a) Plot the equations resulting when dx/dt and dy/dt = 0 on a y-vs.-x plot. Choose some simple 
Positive values for a, b, c, e, f, and by occasional evaluation of dy/dx sketch the behavior of the system 


(b) Is the form of the apparent specific growth rate for y reasonable as y/x is held constant while 


molecular vs. cellular populations. Include considerations of open vs. closed systems, equilibrium vs. 
Steady state, equations of motion and their invariants (the conserved quantities). “3 


E 
N 
3 
kí 
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13.12 Food-web kinetics Consider the sequential food chain 1 > 2 => +3 — 4, where organisms 2, 3, and 
4 are the predators of 1, 2, and 3 respectively. 

(a) Assuming a logistic growth rate for each species, and including. a predation term, derive the 
steady-state solutions for this system, showing in particular that the level of 1 depends on all the 
kinetic constants of the system while the level of 4 depends only on the logistic equation for 4 [35]. 

(b) Since carbon, nitrogen, etc., are obviously recycled, include predation of organism 4 by 1 so 
that the web is now closed. Show that the steady-state solutions now have identical forms for each 
species (each is dependent on all the web kinetic.constants). Discuss guaanot the NAGI of 
these two systems, i.e., the linear vs. cyclic food web. 


13.13 Slime-mold aggregation [36-38] When a growing. slime-mold jochi omina si hiauists its 
food supply, a relatively quiescent period is followed by an aggregation of the originally uniformly 
dispersed amoeba into groups spaced ~0.1 mm apart. These aggregates eventually produce spores. 
The aggregation appears to be due to an attractive amoeba response to a gradient in cyclic AMP 
secreted by the starving amoeba themselves. Let.a = amoeba density and eS = attractant (cyclic AMP) 
density; then a model can be developed yielding — 


da ð/ @a op dp `` æp 
EAC ax *4 z£) g a ald ya 
(a) Show from linearization of these equations that assumed solutions of the form (sin qxje™ for 
a and p lead to stability if yay f< u(k + Dq?), q £ 0. 
(b) Which wavelength perturbations lead to the earliest instability? 
(c) It is argued that the initial system is stable but that starvation changes the system parameter 
values and produces a situation unstable for a = const. Identify the meaning of each parameter in the 
model. Which of these might reasonably change in a way to bring the system into tne 
(d) Why is aggregation necessary for spore formation? “ 5i 


13.14 Competition in continuous culture Experiments in continuous culture with lactate as the 
growth-limiting nutrient have revealed that the K, for a pseudomonad is approximately 6 mg/L while 
that for a spirillium is approximately 12 mg/L. If the maximum growth rate for pseudomonas is 
0.6 h` + and that for spirillium is 0.8 h`! , discuss the effect of lactate concentration ina mixed culture 
containing both bacteria. 


13.15 Chemotaxis and competitor coexistence The competitive exclusion principle discussed i in the 
text does not always apply in environments with spatial gradients in nutrients or inhibitors or with 
time-varying conditions. The former situation has been modeled and analyzed by D. A. Lauffenberger 
(“Effects of Cell Motility Properties on Cell Populations in Ecosystems,” p: 265 in Foundations of 
Biochemical Engineering: Kinetics and Thermodynamics in Biological Systems, H. W. Blanch, E. T. 
Papoutsakis, and G. N. Stephanopoulos (eds.), American Chemical Society, Washington, D.C., 1983). 
When nutrient gradients exist, chemotactic motion of the organisms must be eonsiaerec’ In such a 


- Situation, the cell flux J, in the +z direction may be written as 


dx ds 
dz xx dz 


where x and s are cell and limiting nutrient concentrations, respectively. The parameters 0 and y dre 
the random motility and chemotaxis coefficients, respectively. Assuming that substrate flux is de- 
scribed by Fick’s law and that cell specific.growth rate can be approximated my the step function 


uw —k, for s > s,.. 
o} =k, fors<s, 


(a) Determine the steady-state distribution of cells of a single species and nutrient in a confined 
region between z = 0 and z = L. Cells cannot penetrate these boundaries, and no substrate diffuses. 
through the boundary at z = 0. The substrate concentration at z = Lis Sp. 

- (b) Considering the important dimensionless groups and. phenomena noted i in the dnas of 
part (a), speculate on possible scenarios for two-species competition in such a confined domain. Are 
there situations in which two competitors can coexist? Test your intuition by reading Lauffenberger’s 
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analysis. How do these modeling results compare. with your observations of competition in human 
endeavors? 
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_ CHAPTER 


FOURTEEN 


| MIXED MICROBIAL 
POPULATIONS IN APPLICATIONS 
AND NATURAL SYSTEMS 


The importance of mixed populations of microorganisms can be traced to the 
beginnings of life on earth. Since then, different species of microbes have played 
an integral role in the operation of the biosphere and in its evolution. For exam- 
ple, some time between 500 million and 2 billion years ago, the development of 
primitive algae capable of photosynthesis had reached the point where a signifi- 
cant amount of oxygen (about 1 percent of the current level) was present in the 
atmosphere. Although microbial life before that time was limited to strictly an- 
aerobic forms, aerobes and facultative anaerobes emerged afterward. Thus the 
generation of an oxygen atmosphere and subsequent emergence of aerobic life 
_ forms on earth can be attributed to primeval photosynthetic microorganisms. In 
Sec. 14.3, we shall briefly survey contributions of the microbial world to the 
_ contemporary global ecosystem. 

Mixed microbial populations abound in nature—in the air, soil, and bodies 
of water. They also grow on and inside higher organisms. Among the most 
interesting examples are the symbioses with the ruminant animals such as cattle, 
Sheep, and goats (see Table 13.1). In the rumen, which comprises the first two of 
at least four stomachs, a dense mixed culture of bacteria (about 10!° cells per 
milliliter) and protozoa thrives. In this complicated and extremely diverse popu- 
lation, mutualistic, competitive, amensalistic, and prey- predatory interactions 


RE have been observed. 


The overali effect of microbial activity in the rumen is decomposition of 
plant material, including cellulose and other complex carbohydrates, into simpler 
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substances which can be absorbed in the animal’s bloodstream. Digestive: en- 


zymes are secreted by the ruminant only in stomachs following the rumen. This 


permits unhindered microbial activity in the rumen and provides for lysis and 
digestion of ruminant microorganisms in later stomachs. Such a novel design 
allows ruminants to ingest and utilize much simpler nitrogen nutrients than man 
and other mammals. Ammonia or urea, for example, are incorporated into com- 


‘bined organic forms such as proteins by rumen microorganisms, and it is the 


microbially produced nitrogen compounds which are absorbed by the cow in 
stomachs following the rumen. 
Other familiar examples of mixed microbial populations include the natural 


- flora of microorganisms which inhabit the human body. Proper digestion re- 


quires the assistance of many bacteria which reside in the intestinal tract. Com- 
mensalism and amensalism among these organisms have been observed, and 
substantial populations of protozoa feed on the intestinal bacteria. Dental plaque 
consists of several microorganisms, facultative anaerobes being among the most 
common species. (Why would these be well suited to survive common dental 
hygienic practices?) The skin is populated by many different protists, with bac- 
teria well entrenched in hair follicles, and yeasts and fungi growing on moist 
regions. Investigation of how the human body protects. itself and often benefits 
from these numerous cohabitants is a fascinating study but would take us too far 
afield from our major theme. Consequently, we shall turn now to commercial 
exploitation of mixed microbial populations. 

_ Here too there is a long history. Ancient artifacts reveal that wine and beer 
were made by fermenting fruits and grains before 2000 B.c. These processes, at 
least as-conducted then, are-excellent examples of applications of naturally occur- 
ring nixed cultures. In natural mixed-culture processes, inoculation with specific 
organisms is not practiced. The organisms naturally present when the fermenta- 
tion bégins are responsible for the desired changes. As we shall explore in greater 
detail below, spontaneous mixed populations are especially efficient in utilizing 
substrate mixtures. ; a ai . 

These examples drawn from naturally arising populations suggest that simul- 
taneous growth of several species offers special advantages and characteristics 
unattainable in’ pure cultures. In the next section, we shall briefly review the 
status of defined mixed-population technology. The remainder of this chapter is 
devoted to applications of naturally occurring mixed cultures, with heavy empha- 
sis on biological wastewater treatment (Sec. 14.4). l 


141 USES OF WELL-DEFINED MIXED POPULATIONS 


The foremost illustration of defined mixed-culture application is cheese manu- 
facture.: While the gastronomical benefits of such activities are well known, the 
economic importance of the cheese and dairy industries is not widely appreciated. 
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According to one estimate, roughly 4 percent of the United States’ Gross Nation- 
al Product is contributed by the dairy industry, with about 15 percent of that 
figure due to cheese production. ` a | . 

_ Although indigenous mixed cultures were originally used in making cheese, 
special starter cultures are now employed to ensure reproducibility of product 
quality. Cheeses of various types are produced by inoculating pasteurized fresh 
milk with appropriate lactic acid-producing organisms. The resulting protein- 
aceous curd, precipitated by the acidity of the medium, is drained of liquid (whey) 
and allowed to age or ripen by action of bacteria or mold. With hard-curd 
cheese, an enzyme mixture of rennet (containing the proteolytic enzyme rennin) is 
added to the innoculated milk after slightly acid conditions are produced. A 
rubberlike curd eventually results, which is cut into small pieces, heated, drained 
of whey, and finally milled into shavings and pressed to remove further whey (the 
cheddaring process). Finally, a second milling, salting, draining, and pressing into 
molds yields the cheese to be cured. In curing, the slow fermentative (anaerobic) 
action partially breaks down lipids and proteins to produce additional partially 
oxidized products such as lactic, butyric, and acetic acids, which, with the contin- 
ued increase in cheese age, contribute to the sharp taste of the resultant cheese. 

Many natural cheeses are similar in initial stages; thé final product consis- 
tency and taste are predominantly determined in the later curing stages by the 
organisms used, salt and humidity levels, and the curing temperature. A represen- 
tative listing of common cheeses and organisms is given in Table 14.1. Many of 
these organisms synthesize vitamins which increase the nutritional value of the 
cheese during curing. nt p eG ee oe a 

Lactic acid bacteria also participate in other defined mixed cultures used in 
food production. In whiskey manufacture, for instance, a Lactobacillus added to 
the yeast lowers pH to reduce contamination and also contributes to a desirable 
flavor and aroma. Another example of favorable interaction between a yeast and 

lactic acid bacterium is ginger-beer fermentation. Also, use of two Lactobacillus 
species increases yield in the lactic acid fermentation. Pee RG 
Consecutive transformation of a nutrient intò a desired final product can 
sometimes be accomplished effectively by a tactic called dual fermentation. One 
such process makes L-lysine from glycerol, with a,€-diaminopimelic acid (DAP) 
as an intermediate. In One fermentation, the DAP intermediate is accumulated 


_ using an E. coli auxotroph. Separately, an Aerobacter aerogenes population is: 


grown. This organism synthesizes DAP decarboxylase, an enzyme which acts on’ 
DAP to yield L-lysine. Combining the two cultures and adding toluene liberates 


-both DAP and its decarboxylase, so that L-lysine is produced. 


' There are few cases in which multiple defined cultures are grown simulta- 
neously for commercial use. One is manufacture of ß-carotene, where different — 
mating types of the same organism grown together provide about 20 times more | 


| . Product than either type by itself. In the following example, we shall explore how | 


methane utilization for single-cell protein production is improved by using a ` 


mixed culture. 
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Table 14.1 Some cultures used in manufacture of cheeset i asi, 


a. Cultures used in cheese production . 


I Bacteria l $ 
A. Used for lactic acid production primarily: 
` 1. Streptococcus lactis “lactic” 
` 2. Streptococcus cremoris “lactic” 
3. Streptococcus thermophilus “coccus” l 
4. Streptococcus durans (USDA modified cheddar “make” procedure) 
5. Lactobacillus bulgaricus “rod” _ 
B. Used to develop flavor and aroma with or without an effect upon the body and texture: 
6. Brevibacterium linens “red smear” 
7. Propionibacterium shermanii “props” 
8. Leuconostoc sp. (flavor associates or citric acid fermenters—“CAF. s”) 
9. Streptococcus diacetilactis (flavor and special uses) 
II. Yeasts I i l 
A. Used for maintenance and enhancement of bacterial growth in cultures and cheese (not 
essential) 
10. Candida krusei 
11. Mycoderma sp. 
HI. Molds (to enhance flavor, aroma, body, texture, composition and appearance) 
A. Externally grown 
12. Penicillium camemberti 
13. Miscellaneous species 
B. Internally grown 
14. Penicillium roqueforti and variants thereof 


' 


b. Use relationship between starter culture types and characteristic cheese varieties 


Ed Type of cultures in use 


Cheese variety En Class I Classes II and III How used? 
Brick A.1-3 B6,8,9 ILA | x-z 


Camembert A.I, 2 B.8, 9 HI.A.12 x, z 
Cheddar A.1,2,4 B&9 ` E AAAA ; x-z 
Cottage A.l, 2 B.8, Q- O Oe onena . X, 2Z 
Cream A.l, 2 B8: 9: ne oe? ee eee XZ 
Edam A.l, 2 B.8, | oor Cte A A í xX, z 
Gouda A.1, 2 B.8,9  uaisesriasierss X, Zz 
Limburger A.1-3 B.6, 8, 9 ILA x-z 
Neufchatel A.1, 2 B89 derini deans X, Z 
Parmesan A.1-3,5 B89 sana. x-z 
Provolone A.1-3,5 B.8, : E E E x-z 
Romano A.l-3,5  B8,9 0 n. x-z 
Roquefort ` A42 B.8, 9 - HI.B.14 X, Z 
Swiss A1-3,5  B7-9 a. x-z 
Trappist A.1-3 B.6, 8, 9 ILA © X-Z 


t Courtesy of G. W. Reinbold, Iowa State University, Ames, Iowa. 

* Key: 

_ x = Single-strain cultures; y = multiple-strain cultures z = combined mixed-strain 
cultures (dual purpose, and/or single or multiple strains). - i . 
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Example 14.1: Enhanced growth of methane-utilizing Pseudomonas sp. due to mutualistic interactions 
in a chemostat' In Sec. 12.7 and Example 9.2, we considered some aspects of single-cell protein 
production. Substantial recent interest has been focused on gaseous hydrocarbon substrates, particu- 
larly methane. Several experimental studies have shown that mixed cultures often have the ability to 
grow more rapidly on methane than pure cultures of methane-utilizing microorganisms. 

A tentative explanation for this observation is a mutualistic interaction like the one shown ` 
schematically in Fig. 14E1.1. In this mixed population, studied experimentally by Wilkinson, Topi- 
wala, and Hamer, there are two major classes of bacteria: methane-utilizing Pseudomonas sp. and 
methanol-utilizing Hyphomicrobium sp. Because methanol is a metabolic end product_of the Pseudo- 
monas sp. and also inhibits the growth of those organisms, they benefit greatly from the second 
population, which removes methanol. Clearly, the Hyphomicrobium sp. also enjoy the interaction, 


Methane utilizing 
Pseudomonas sp. . 


xy 


N 


Metabolites ‘ 


Metabolites removed by 
Flavobacterium sp. 
Acinetobacter sp. 


Hyphomicrobium sp. 


x2 


Cell biomass 


Figure 14E1.1 Possible interactions in a mixed culture grown on methane. — 


y This example is drawn from T. G. Wilkinson, H. H. Topiwala, and G. Hamer, “ Iriteractións ina 
Mixed Population Growing on Methane in Continuous Culture,” Biotechnol. Bioeng., 16:41, 1974. 
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since they are supplied with a carbon source. The two other types of bacterial species in the mixed 
population are present in relatively small concentrations and are.believed to serve useful functions by 
utilizing other end metabolites of the Pseudomonas sp. l 

While we shali leave the complete argument for this interpretation to the original paper, one 
experiment which shows several effects consistent with the scheme is indicated in Fig. 14E1.2. The 
mixed population was grown in a chemostat, and at t = 0 methanol was added to the fermentor and 
medium reservoir to establish a methanol concentration of 1.6 g/L. As F ig. 14E1.2 shows, this shock 
causes an immediate and severe drop in methane and oxygen utilization and a gentler decrease in 
total dry weight of bacteria. Also, the percentage of Hypomicrobium sp. in the fernientor increases. 
After about 17h, the methanol concentration in the vessel is near zero, leading to a reversal of the 
above trends. Presumably at this point Pseudomonas activity resumes to a significant extent. l 

All the component parts for the mathematical model of this system should now be familiar from 
our previous studies of mass transfer and biological kinetics. Letting x ı and x, denote the concentra- 
tions of Pseudomonas and H yphomicrobium species, respectively, we see that their unsteady-state 
material balances for a chemostat are 


~ = -Dx +r i=1,2 (14E1.1) 


The forms of the Pseudomonas and H yphomicrobium growth rates are chosen to reflect the situation 
depicted in Fig. 14E1.1. In particular, for oxygen-limited growth of the Pseudomonas bacteria, we take 


Himax C 1 
ra= Ka TFK” (14E1.2) 
where co, and s are dissolved oxygen and methanol concentrations, respectively. The inhibition 
function used here parallels those of Chap. 3 (noncompetitive inhibition of enzyme-catalyzed reac- 
tions) and Chap. 7 (ethanol inhibition of yeast fermentation). Since the H yphomicrobium can readily 
use nitrate as an electron acceptor when dissolved-oxygen concentration is low, we assume that r f2 1S 
independent of co,, while adopting the Monod dependence on s: 


r = P2maxS e 
2 K,+s°? 


(14E1.3) 


y 


Assuming that yield factors for both species relative to methanol remain constant and that most 
oxygen uptake is by the Pseudomonas, we have the following material balances for s and Co,: 


ds 1 1 
Pies -Dst Th T (14E1.4) 
‘ 1 
deo ( jeu D (14E1.5) 
TH NACo — Co) — F151 — Deo, a) 
dt £ O oO. Y, fi 0. 


From batch experiments and measurement of oxygen uptake rates, Wilkinson, Topiwala, and Hamer 
estimated the value of all parameters in this model. Their suggested values are listed in Table 14E1.1. 

The steady states computed using this- model for various dilution rates are displayed in Fig. 
14E1.3, along with some experimental data on this system. The agreement, while imperfect, is ade- 
quate. Transient simulations of the effect of methanol addition to the mixed culture produce re- 
sponses qualitatively similar to those shown in Fig. 14E1.2. However, the real system dynamics are 
far more sluggish than the model. Apparently, more structure is needed in the model for.an adequate 
reflection of the unsteady-state interactions which occur in the mixed culture. 
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Table 14.E1.1 Kinetic parameters for a model of a methane-utilizing mixed 
' population‘ 


icky toh ahinbaA Schr BS rd nh dl Road 


Parameter Comment E -Numerical value 
Hi, max Maximum specific growth rate for 0.185 h`! 

methane-utilizing component ` . J 

| eae - Maximum specific growth rate for i 0.185 h`! i 
methanol-scavenging component 1 , 

K; Michaelis constant for oxygen consumption by 1 x 1075 g/L 1 l 

; Xi- É i 

K, | Michaelis constant for methanol consumption 5x 1076 g/L 4 

. byx, i 

K; ` Methanol-inhibition constant (hyperbolic) for 1 x 1074 g/L t 

xy . F 

.Y, ` Stoichiometric yield constant for methanol - 5.0 g bacteria/g methanol 1 

l production by x) ` 1 

Y, Stoichiometric yield constant for 0.3 g bacteria/g methanol l | 

. methanol consumption by x, , 1 

y Stoichiometric yield constant for oxygen 0.2 g bacteria/g oxygen i 

consumption by x, ; 

k,a Oxygen mass-transfer product (specific 42.0h7! ! 

area - coefficient) | 

Co, l Dissolved-oxygen saturation level 0.128 atm (0.008 g/L) Í 

| 


E T. G Wilkinson, H. H. Topiwala, and G. Hamer, Biotech. Bioeng., 16: 56, 1974. 
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Figure 14E1.3 The solid curves were computed from the model, while the dots are experimental data. 
(Reprinted from T. G. Wilkinson et al, “Interactions in a Mixed Bacterial Population Growing on 
Methane in Continuous Culture,” Biotech Bioeng., vol. 16, p. 41, 1974.) 
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14.2 SPOILAGE AND PRODUCT MANUFACTURE | 
BY SPONTANEOUS MIXED CULTURES 


We turn now to processes where inoculation takes place from natural sources. 
Under these conditions, the nutrient supply and other. environment factors 
largely determine the resulting dominant mixed cultures. Perhaps the foremost 
intentional application of this strategy is biological wastewater treatment. To 
understand this and other natural mixed-culture systems, we must recognize that 
the microbial world is extremely diverse and dispersed. Thus, we may assume as 
a working rule of thumb that if there is an environment attractive for growth of a 
particular microorganism, the chances are high that that particular microbe is . 
growing or will grow there. Consequently, the mixed population which arises in 
an aerated vessel containing wastewater is, by a type of natural selection, 
especially suited for growing in that environment. | ree i 

_ Natural mixed populations are therefore particularly efficient means for utili- 
zation of substrate mixtures. While this characteristic is highly attractive in the 
wastewater-treatment context, it is troublesome when unwanted microbial attack 
occurs on “substrates” such as wood and food. We shall consider such undesir- 
able activities next, saving discussion of biological waste-water treatment for Sec. 

Spoilage generally involves decomposition of organic molecules, including 
polymers such as proteins or carbohydrates. In some instances, e.g., wood rot, it 
is disappearance of the original substance which causes concern. On the other 
hand, most undesirable effects of food spoilage derive from the metabolic end | 
products of the attacking microorganism. Both manifestations usually begin with 
the attack by extracellular enzymes produced by a microorganism. 

In the case of wood rot, one or more of the three polymeric constituents of 
the wood are degraded by a cellulase enzyme system excreted by a fungus. 
Fungi as well as bacteria are implicated in attack on pectin in foodstuffs. This 
causes disintegration of canned fruits, softening of brined cuccumbers, and rot- 
ting of vegetables. However, as we saw earlier in Sec. 4.1.4, pectic enzymes also 
enjoy beneficial applications. A SE 

Protein spoilage, another problem in the food industry, can be viewed as a 
two-step sequence. In the first, called proteolysis, whole protein is hydrolyzed to 
yield peptides and amino acids. Liquefaction of gelatin is a common manifesta- 
tion of this step. Subsequently, usually under anaerobic conditions, proteins are 
decomposed, and the amino acids are metabolized to yield foul-smelling products 


} ~co ee ean 
H,NCH,(CH,),CH(NH,)COOH ————?+ H,NCH,(CH,),CH,NH, 
Ornithine decarb oxylase ~ Putrescine 


This process, called. putrefaction, is evident in. the vile odors of ‘badiy spoiled 
meats. o 
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Perhaps the most familiar example of spoilage is sour milk. Although most 


milk is pasteurized before packaging, this achieves only disinfection, not steriliza-_ 


tion. Many sporeforming bacteria survive the process and, with time, cause cur- 
dling or putrefaction. Especially interesting is the sequence of microbial 
populations which typically occur in raw milk at room temperature. Initially 
lactose (milk sugar) is fermented by streptococci, bacilli, and other bacteria. As a 
result of this activity, the pH of the milk drops (see Fig. 14.1). This inhibits the 
original population, and permits acid-tolerant species including Lactobacilli to 
gain ascendency. Further reduction in pH to below 4.7 causes curd (a rubbery 
material consisting primarily of casein, a protein) to form and precipitate. 

Next yeasts and molds which can use lactic acid as a nutrient proliferate, 
increasing the pH. The preeminence of these populations eventually gives way to 
that of fungi and bacteria, which use fat and casein as nutrients. Eventually 
oxygen is depleted, and anaerobic bacteria cause putrefaction. 

Such successions of microbial species, each enjoying an interlude of dom- 
inance during favorable conditions, occur frequently in indigenous mixed cul- 
tures. We shall see other examples of this phenomenon in our review below of 
soil microbiology and in biological trickling filters. Recall the immense practical 
importance of controlling the initial stages of spoilage: production of curd in 
milk by bacterial action is the starting point for cheese manufacture, as discussed 
in the last section. . 

We find natural fermentation by lactic acid-producing bacteria in other food 
processes. Pickles are made by a lactic acid fermentation of cucumbers using 
mixed populations. In the manufacture of sausage and other fermented meats, 
Lactobacillus sp. and other microorganisms produce lactic acid and also accom- 
plish the reduction of nitrate to nitrite, a process that contributes significantly to 
the deve lopment of color and the production of tangy flavors. Batter for sour- 
dough b bread i is allowed to ferment for 1 or 2 days so that ethanol and organic 
acids are produced. Sauerkraut is another food prepared using a mixed-culture 
fermentation. 

Although we discussed production of wine, beer, and vinegar earlier, in some 
respects those processes belong here. In many cases, the microbial activity re- 
sponsible for a successful final product arises from a spontaneous mixed culture. 


Streptococcus Pseudomonas 
lactis Lactobacilli Film yeasts etc. sporeformers etc.4 pH 7 


factive 
bacteria 
grow pH 5 


No. microorganisms in raw milk 


‘pH 3 


Time 


Figure:14.1 Succession of species in raw milk at room temperature. 
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Current technology. in these. areas, however, séems “directed at better-defined, 
more reproducible operations. Consequently, use of carefully screened and Pie: 
served inoculum Species is increasingly common. 


14.3 MICROBIAL PARTICIPATION IN 
THE NATURAL CYCLES OF MATTER 


Most of our previous discussions of examples of microbial utilization have dealt 
with processes largely under human operation and control. In order to preserve 
and improve our environment, it is also important to understand the basic fea- 
tures of natural microbial activities in the biosphere. With such knowledge we 
may be able to construct useful models for such natural processes as lake eutro- 
-phication, biodegradation and water repurification in soils, and stream and estu- 


E ary ecosystem dynamics. Also, purposeful biological treatment of. waste waters, 


one of the most important tasks microorganisms perform under human direction, 
in large part mimics components of natural ecological cycles. Thus, a study of 


E microbial activities in nature aids understanding of how life on earth is sustained 
E and also provides , a valuable introduction to a critically. important application of 


mixed populations. 

Essential to proper function of the earth’s ecosystem is cyclic turnover of the 
elements required for life. Organic matter derived from metabolic wastes or dead 
organisms must be broken down and converted into inorganic form. -Microor- 
ganisms are especially suited to play vital roles in. this process, which is called 

_ mineralization. Among the important attributes of the kingdom of protists in this 
regard are metabolic versatility, high rates of chemical activity, and natural abun- 

‘dance. Taken as a group, microorganisms have the power to ARE nes every 
. ‘naturally occurring organic compound. - 

In order to avoid excessive accumulation of any aataral organic waste, it i is 
of course not sufficient that degradation reactions occur: these reactions must 
„with adequately large absolute rates (specific rate x population density). 
ave already noted that microorganisms grow at rates far in excess of those 
er organisms. As a consequence, specific rates of substrate utilization are 
O very large, so that the chemical conversions necessary for mineralization 
ually occur at rapid rates. The other important factor contributing to the na- 
importance of microorganisms is their density and widėspread distribution. 
es are extremely numerous in surface waters and topsoil; bacteria have 
discovered i in soil samples from Antarctica. It is estimated that 1 acre 
ile soil. contains 2 tons of bacteria and fungi in the top 6 in. Combining this 
y with high metabolic rates, the microorganisms in this amount of soil 
s more potential metabolic activity than 10,000 human beings. As much as 
“Percent of the CO, produced in the biosphere results from respiration in 
cteria and fungi. 

While microorganisms donini: the. mineralization segment. of most. cycles 
matter, they also participate significantly i in other portions of these cycles. The 
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particular involvements of.protists will be explored in the next two sections. In 
the first, we consider.a gross overview of elemental cycles from a global perspec- 
tive. Next, some particular better-defined ecosystems are examined. 


14.3.1 Overall Cycles of the Elements of Life 
Cyclic turnover of the biologically significant elements is often accompanied by cyclic changes in their 
oxidation state. This is most important, since we are already aware that the biological suitability of 
an. element is often directly linked to its chemical State (see Chap. 5). Although evident in all the 
element cycles considered below, the linked cycles of carbon and oxygen vividly illustrate the general 
principles of the cyclic transformation of matter. l 

The general features of the carbon and oxygen cycles are shown in Fig. 14.2. The major driving 
force underlying these and the other cycles is photosynthesis, which taps solar energy to reduce CO,, 
bicarbonate, and carbonate, the oxidized forms of carbon, while simultaneously liberating molecular 
oxygen from water (Sec. 5.5). The amount of carbon fixed per year on land and in the oceans is 
roughly 1.6 x 10'° and 1.2 x 10!° tons, respectively. While green plants are the major contributors to 
photosynthetic activity on land, photosynthesis occurring in the oceans is almost entirely due to 
unicellular algae called phytoplankton. Although photosynthesis is the dominant means of CO, 
reduction, chemoautotrophs also reduce CO). As already noted, mineralization of organic carbon to 
CO, is primarily the consequence of bacterial and fungal metabolic activities. 

Carbon is removed or sequestered from the life cycle just described by several mechanisms. 
Much of the CO, released into the atmosphere enters the oceans as bicarbonate ions. There, it can 
combine with calcium to form calcium carbonate, an insoluble compound which appears in coral 
shells and limestone. In this form carbon is relatively inaccessible, but much of it is ultimately made 


available by weathering or by. attack of acids. Microorganisms Participate in the latter process 
through synthesis of carbonic, sulfuric, nitric, and other acids. 
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Figure 14.2 Simplified diagram of the carbon cycle. Also shown (dotted lines) is the major component 
of the oxygen cycle, which is closely linked to the cycle of carbon. 
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We are all familiar with sequestered carbon in organic form. Humus, an organic residue derived 
from microbial-resistant plant components, is an important constituent of rich soil. When conditions 
favor large accumulations of humus, deposits of peat are created which, on a geological time scale, 
can be transformed into coal. Oil and natural gas are other common forms of sequestered organic 
carbon. Carbon residing in these forms seems destined for eventual return to the biosphere due to 
man’s apparently relentless demands. 


Let us next consider how nitrogen cycles in the biosphere and how its chemical state alters; in 


f f the process. Several basic principles provide useful guidelines for this study; molecular nitrogen in the 
if f atmosphere is quite inert; i.e., it is not an acceptable nutrient form for most organisms. Also, its 
a Z. Sy chemical form in living organisms is primarily in a reduced state in proteins. 
i > 1 as A general overview of the nitrogen cycle is provided i in Fig. 14.3. Organic nitrogen is converted 
a into ammonia by microbial action. Although some ammonia escapes into the atmosphere and some is 
g | utilized directly by plants and microorganisms, most is oxidized to nitrate (NO;) in a two-step 
F process called nitrification. Each half of the nitrification pathway is mediated by a special family of 
a É bacteria, primarily the Nitrosomas and the Nitrobacter. Both groups are chemoautotrophic and obli- 
is n gate aerobes. 
to : 
to $ 
do 
to 
as. 
an 
ral 
ide 
ess 
: $ Nitrate serves as plant food. 
7 Many heterotrophic ; 
species reduce 
nitrates to ammonia 
via nitrites. 
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Reduced organic sulfur in living matter _ 
(e.g., SH group of cysteine) IN 
Plants —> Animals ————> Microorganisms Decomposition of organic 
matter (microorganisms) 
| 


Utilization of sulfate 


EJ Desulfovibrio ———————————— 


Sulfur oxidation l - Oxidation of H,S 
(colorless and photosynthetic (colorless and photosynthetic 


sulfur bacteria) sulfur bacteria, or spontaneous) 
a C a 


Figure 14.4 Major features of the sulfur cycle. 


The nitrate thus formed is the best form of nitrogen for plant assimilation; consequently at this 
point much of the nitrogen flux reenters the pool of reduced organic nitrogen. After incorporation 
into organic compounds by algae and plants, the nitrogen is in a form suitable for animal utilization. 
However, microbial activities provide an alternate demand on nitrate. When oxygen is unavailable, as 
in a microenvironment where respiration has exhausted the supply, many bacteria possess sufficient 
metabolic dexterity to use nitrate as a hydrogen acceptor. The end result of their activities is denitrifi- 
cation: molecular nitrogen is formed. 

Fortunately, several specialized microorganisms have the ability to “utilize molecular nitrogen 
and to return it to the biosphere in combined form. Two general types of nitrogen fixation can be 
identified: in the symbiotic version, mutualistic relationships between Rhizobium bacteria and seed 
plants accomplish nitrogen fixation. The remaining nitrogen-fixing capcity derives from the nonsym- 
biotic activity of blue-green algae and a few aerobic (Azotobacter) and anaerobic (Clostridium pasteur- 
ianum) bacteria. 

A major challenge to genetic engineering arises using either microbes or plants: 


(a) bacteria which cg onize other plant root systems could be altered to incorporate nitrogen-fixation 
(Nif) genes, or $ 
(b) plants could beg 


veloped which contain Nif genes directly in the plant genetic makeup. 


Either achievement” ‘ould result in a new Nif-containing crop which would not need nitrogenous 
fertilizer, at least at current levels of application. 

Sulfur also undergoes. a cycle of oxidation, reduction, incorporation into, and liberation from, 
organic matter (see Fig. 14.4). Sulfate-reducing and sulfur-oxidizing bacteria play major roles in 


microbial corrosion. For additional information on the sulfur cycle and the organisms which partici- _ 


pate in it, the references should be consulted. In the next section, we shall examine how these cycles or 
segments of them are manifested i in particular environments. . 


14.3.2 Interrelationships of Microorganisms in the Soil 
and Other. Natural Ecosystems 


Soil provides a varied and complicated environmental system which is an excel- 
lent habitat for microorganisms. It consists of finely divided minerals (largely 
aluminum silicate compounds), decaying organic residues, and a living mixed 
microbial population. In addition, water is often present, as is a gaseous phase 
which may contain N,, O,, CO,, H,S, NH3, and other gases. The extensive 
surface afforded by fine solid granules provides, through adsorption, concentra- 
tion 1 of certain nutrients and extracellular hydrolytic enzymes. From dissolved 
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minerals and decaying organic material come ions, carbohydrates, nitrogeneous 

compounds, and vitamins. Hence a rich culture medium i is available for support 

of microbial growth. 

) =: -  Syntrophism is a type of relationship in which organisms aoia foòd for 
B each other. Syntrophic relationships are ubiquitous in the soil, and indeed are 
essential for proper functioning of the cycles of elements. Some examples are 
illustrated schematically in Fig. 14.5. Notice that one organism (labeled A), which 

; produces cellulolytic enzymes to provide its own nourishment, also feeds others 

‘  (B, C, and D) from the simple sugars liberated. The metabolic end products of 
organism A are used by other microbes with different nutritional needs. 3 

Another view of syntrophism, more analogous to the milk-spoilage scenario 
reviewed in the last section, can be obtained by considering the time sequence of 
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After all oxygen has been depleted, strict anaerobes appear, leading to 
further acid production. Eventually this explosive growth is arrested by nutrient 
depletion or toxin formation (recall Sec. 7.3.1), and many of the cells die, releas- 
ing compounds useful for plant growth. The residual, relatively low-level micro- 


bial population consists of species capable of attacking the resistant substances . 


such as those found in humus. 


We have only scratched the surface here in examining microbial activities in ` 


the soil. For example, almost complete cycles of the essential elements can and do 
occur under anaerobic conditions. The necessary transformations can all take 
place in a very small oxygen-depleted ecological niche since all of them are 
conducted by microorganisms. Figure 14.6 summarizes the close interrelation- 
ships which can exist between photosynthetic, fermentative, sulfate-reducing, and 
other bacteria in an anaerobic environment. Additional readings in soil micro- 
biology are recommended in the references. We should note in closing this dis- 
cussion that the vast majority of industrially important microorganisms have 
been isolated from the soil. 

Microorganisms are the primary producers of organic matter in freshwater 
and marine environments. As illustrated schematically in Fig. 14.7, green plants 
and large multicellular algae (seaweed) can achieve photosynthesis only in shal- 
low waters near shore. In open water, free-floating unicellular algae called phy- 
toplankton conduct photosynthesis near the surface. Photosynthetic activity 
becomes difficult and eventually impossible with increasing depth because light is 
absorbed by water and intercepted by suspended solid materials. 
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Figure 14.6 Simplified schematic of the cycles of matter in an anaerobic environment. 
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_ Figure 14.7 Members of the food chain in an aquatic ecosystem which relies on solar radiation as its 
major energy source. The labels I, II, III, and IV above denote the classes of abiotic components, 
producers, consumers, and microbial decomposers, respectively. ed 


` The phytoplankton produced in surface waters feeds an intricate chain. of 
consumers, which begins with animal plankton (zooplankton) and ends with the 
fishes, whales, and other aquatic animals. The organic. wastes resulting from 
metabolic activities and death in this chain are in turn decomposed by micro- 
organisms. The simple compounds produced in decomposition can be utilized by 
the phytoplankton, thereby completing a food cycle. Sa oe 

In the damaging process called eutrophication, excess nutrient supplies cause 
explosive growth of algae. Some of the algae produce toxins, and unpleasant 
odors often accompany the algal bloom. Eventually much of the algae dies, re- 
leasing nutrients for heterotroph consumption. At this point, the net respiration 
rate exceeds the photosynthesis rate, so that the supply. of dissolved oxygen is 
seriously reduced. This can cause extensive death of fish and many other aerobic 
organisms, totally upsetting the local balances necessary for survival of the lake 
or pond ecosystem. a l - : 


14.4 BIOLOGICAL WASTEWATER TREATMENT 


Wastewaters contain a complex mixture of solids and dissolved components, 
with the latter usually present in very small concentrations. In treatment plants, 
all these contaminants must be reduced to acceptably low concentrations or 
chemically transformed into inoffensive compounds. The overall system design 
used to accomplish this varies depending upon the type and dmount of waste- 
water to be treated and economic and environmental considerations. Most of the 
alternatives, however, share enough common features to allow them to be shown 
schematically on a single diagram like Fig. 14.8. There, the parallel pathways 
shown for sludge handling and removal of various contaminants represent differ- 
ent options for accomplishing one treatment -objective. A typical plant would 
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Figure 14.8 Available unit operations for primary, secondary, and tertiary wastewater treatment 
(Reprinted from W. W. Eckenfelder, Jr., “Industrial Water Pollution Control,” pp. 6-7, McGraw-Hill 
Book Company, Inc., New York, 1966.) ` 
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employ only a few of the many possible pathways from wastewater to final 
effluent. . 

We consider next the overall purpose of each of the major process trains. In 
primary treatment, the most easily separated contaminants are removed. Taken 
out here are readily settleable solids (see Fig. 14.9), oil films, and other “light” 
components. Suspended particles as well as soluble components are removed in 
secondary treatment. In many situations these waste materials are organic, and in 
these cases use of a biological oxidation process is common. We shall consider 
these biological processes in further detail later. Tertiary treatment is directed at 
‘removal of all or some of the remaining contaminants. Among the processes used 
at this stage are electrodialysis, reverse osmosis, deep-bed filtration, and adsorp- - 
tion. 

Wet, concentrated solid wastes, called sludge, are removed in primary treat- 
ment; cell sludge is generated in secondary biological treatment. We have already 
mentioned the interplay between substrate utilization and biomass production. 
Although the secondary biological treatment processes, which involve many mi- 
crobial species, are very efficient in attacking a dilute mixture of organic wastes, 
they also create biomass. Thus, very small particles and soluble components in 
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Figure 14.9 Different levels of treatment remove characteristic ranges of particulate sizes from the 
wastewater. ( Adapted from T. Helfgott et al., “ Analytical and Process-CGharacterization of Effluents,” J. 
Sanit. Eng. Div. ASCE, vol. 96, p. 79, 1970.) 
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- liquid wastes are transformed in part into a sludge waste material which is easier 


to separate out than the original waste. Sludge handling and treatment is conse- 
quently an important part of the water-treatment plant. One popular process for 
sludge-volume reduction in sewage plants is anaerobic digestion, where organic 
material is biologically decomposed in an anaerobic environment. 


We should not conclude from this discussion that all three levels of treatment 


14.4.1 Wastewater Characteristics 


Naturally, the types and concentrations of contaminants in wastewater depend 
upon its source. There are two main classes of wastewaters to consider: industrial 
effluents and domestic wastes. The latter type is called sewage, and it consists of 
substances such as ground garbage, laundry water, and excrement. ; 

_ More than. 99 percent water, sewage typically contains about 300 ppm 
(mg/L) of suspended solids and about 500 mg/L volatile material. Much of the 
suspended solid component is cellulose, and the bulk of organic matter present is 
in the form of fatty acids, carbohydrates, and proteins in that order. As our 
earlier discussion of spoilage should suggest, the bad odor of sewage derives from 
protein decomposition under anaerobic conditions. l 


continuous mixed-culture inoculum for the biological treatment processes and 
also supply the metabolic capacity used in the following standard analysis of- 
wastewater composition. 
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sidered in the table are heavy metals and toxic organics such as 
are often present in small but significant quantities. 


pesticides, which 


Table 14.2 Some characteristic parameters for water quality 
Effluent standards for nitrogen and total phosphorus concentrations are not always 


applied 


Effluent in an 


Parameter Influent raw wastewater acceptable plant 
BOD, mg/L . 100-250 - 5-15 


COD, mg/L ` 200-700 15-75 | 
Total Phosphorus, mg/L 6-10 0.2-0.6 
Nitrogen, mg/L 20-30 2-5 
Suspended solids, mg/L . 100-400 ` - 10-25 
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Table 14.3 Comparative strength of effluents t 


Type of waste Main pollutants BOD, COD 
Abattoir Suspended solids, protein 2,600 4,150 
Beet sugar Suspended solids, carbohydrate’ ` © 850° 1,150 
Board mill Suspended solids, carbohydrate 430 1,400 
Brewery (bottle washing) - Carbohydrate, protein l l 550 T 
Cannery (meat) Suspended solids, fat; protein : 8,000 17,940 
Chemical plant Suspended solids, extremes of acidity or 500- 980 
alkalinity, organic chemicals 

-Coal carbonization: i 

Coke ovens . Phenols, cyanide 780 1,670 

Gas works ` Thiocyanate, thiosulphate : . 6,500. . 16,400 

Smokeless fuel Ammonia — 20,000 
Distillery 7 Suspended solids, carbohydrate, protein 7,000 10,000 
Dairy l . Carbohydrate, fat, protein 600 - 
Domestic sewage Suspended solids, oil-grease, Srbski 350... 300 

protein ; i 

Grain-washing Suspended solids, carbohydrate "1,500. 1,800 
Kier Suspended solids, carbohydrate, lignin, 1,600 l -3,600 
Laundry Suspended solids, carbohydrate, soap 1,600 2,700 
Maltings Suspended solids, carbohydrates 1,240 1,480 
Pulp mill Suspended solids, carbohydrate, lignin, sulfate 25,000 om 
Fermentation industry: 

Fermentation segment verre eee e eee eeee tees eset eee asec eee eeceeeeeeeeeees 4,560 4, 120 

l Chemical-synthesis EE PE E A E E E Sie See E TE TEE -960 1, 580 

segment , ee 
Formulation, (vee c er eec ener terete eeeces eee sssecaceeesaeetseeeeees "145 217 
packaging segment l 

Petroleum refinery Phenols, hydrocarbons, sulphur compounds 840 1,500 
Resin manufacture Phenol, formaldehyde, urea 7,400 12,900 
Starch reduction of fiour Suspended solids, carbohydrate, protein 12,000 17,150 
Tannery Suspended solids, proteins, sulfide 2,300 5,100 


t Adapted from J. W. Abson and K. H. Todhunter, pp. 318-319 in N. Blakebrough (ed.), 


: ` Biochemical and Biological Engineering Science, vol. 1, Academic Press, London, 1967. 


perfected. 


toxins such as formaldehyde, ammonia, or cyanide. We face two related problems 


_with such wastes: (1) they are extremely damaging to living organisms -of the 
- receiving water, and (2) they may kill microorganisms utilized in aerobic and 


anaerobic waste treatment. Effective and reasonably economical methods for 
elimination of such toxic compounds from discharge waters still have not been 
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14.4.2 The Activated-Sludge Process 


The main component of the activated-sludge process is a continuous-flow aerated 


biological reactor. As indicated in Fig. 14.10, this aerobic reactor is closely tied to f 


reactor long enough for adsorbed organics to be oxidized. Other benefits of 
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Figure 14.10 Schematic diagram of the activated-sludge process, 
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Figure 14.11 Photomicrograph of some of the microorganisms in’ activated sludge. ( Reprinted from 
R. F. Unz and N. C. Dondero, Water Research, vol. 4, p. 575, 1970.) ` i l 


_ In order to capitalize on the excellent adsorbent properties of activated 
sludge, a variation of the conventional process called contact stabilization has 
been devised. As shown in the process flow chart in Fig. 14.13, the recycle settled 
sludge is subjected to an additional aeration cycle before being mixed with’ the 
waste influent in an aerobic tank. In this latter contact basin, organics are re-- 
moved almost entirely by physical attachment. Biological. utilization of these- 
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Figure 14.12 Removal of organic material in 
an aerated, batch activated-sludge system is be- 
lieved to “involve rapid initial physical capture 
of organics by the sludge, followed by slower 
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stored organics occurs in the aerated recycle-slud 
function of restoring the floc’s adsorption capacity. | 
Other versions of the activated-sludge process differ from 
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(a) Schematic of step aeration flowsheet 
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(b) Schematic of contact Stabilization (solids reaeration) flowsheet 


Figure 14.13 Two alternative flowsheets for 


biological oxidation Processes. The conventional acti- 
vated-sludge process was shown in Fig. 14.10. 
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Besides possessing the necessary adsorbent and metabolic qualities, a good 
sludge should settle rapidly. For example, after 30 min in `a cylinder, the volume 
percent of settled sludge should be around 40 times the volume’ percentage of 
suspended solids. Much larger values, say 200, indicate a bad sludge, which will 
tend to overflow from the thickening tank. When the process bulks, as this condi- ` 
tion is called, it has failed: the effluent will not meet the necessary standards. 

While we do not yet understand the causes and mechanism of bulking, ex- 
amination of the microbial constituents of poor sludge often reveals filamentous 


. bacteria and flagellate protozoa. Healthy sludge, on the other hand, does not 
contain a significant population of filamentous organisms, and the protozoa pres- 


ent are mainly stalked ciliated species. The protozoa serve a valuable function in 
the overall process by preying on free, i.e., unflocculated, bacteria and thereby 


clarifying the effluent. 


_ Normally, filamentous bacteria and fungi cannot compete with the hetero- 
trophic bacteria found in healthy sludge. Large shocks in influent conditions or 


improper operation of the unit may, however, create conditions damaging to the 


desired population, permitting other microorganisms to invade. the community. 
We could conjecture, therefore, that both normal operation and bulking are 


manifestations of the a of competition in mixed seca 


14.4.3 Design and Modeling of Activated- Sindee Processes | 


Although a wastewater-treatment plant for a major city costs in excess of 100 


million dollars, the biological reactors they contain are usually designed using 
extremely simplified and idealized models. Typically, the aeration basin is treated 


as a perfectly mixed vessel, and sludge is viewed as a single pseudo species whose 
growth rate follows Monod kinetics with an additional endogeneous metabolism 
decay term. As discussed in Sec. 14.4.2, the substrate or Meniting nutrient concen- 
tration is usually expressed in terms of BOD. 

With the nomenclature indicated in Fig. 14.10, which is consistent with that 
used in Chaps. 7 and 9, the sheany stale mass balance on active sone in the 


(1 — B)Fx, + BFx, = pate = ke) ea ty 


Straightforward algebraic manipulation of this expression shows 


1 s 

== —_*— —k 14.2 
0, raat Sa 4 K, e ( ) 
where 8, is the mean residence time of the activated sludge (ratio of active-solids 


retention to active-solids effluent rate), sometimes called the sludge age: 


Va 4 (143) 


os = FG a B)x. + BFx, 


In most sewage-treatment plants, the sludge age is of the order of 6 to 15 aig 
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| Table 14.4 Monod m 


odel parameters for utilization of different Substrates in 
aerobic mixed culturet 


Organic N Coefficient 
` substrate Y 


basis ? 


Domestic waste 


ttteeeeeeee 0.055 BOD, 
O67 ree aa. 0.048 BOD, . 20 
0.67 37 22 0.07 COD 
Skim milk 0.48 24 100 0.045 BOD, 
Glucose 0.42 12 - 355 0.087 BOD, 
Peptone 0.43 6.2 . 65 - 


"A. W. Lawrence and P. L. McCarthy, Unfied Basis fo 


r Biological Treatment Design and Opera- 
tion, J. Sanit. Eng. Div. ASCE, 96: 768 (June 1970). 


Position and operating 
Umax, K,, ke, and Y should 
specific waste of interest. : 


(Sa = Se = $,) and recalling t 
2) is the rate of sludge synth 
EA Vx, = YF O(So Sa) f 


1+ k0, 


-f 
X; 
V= Fo ta-a%) (14.5) 
which is obtained by writing an active-solids balance on the aeration basin and 
using Eq. (14.2). a 
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Parameter estimates: oF Legend: | a 
K, = 26.5002 mg;L (@) observed x inlet s 
= 0.6902 h`! (0) observed s 


H max 


k, =0.0189 h-! 
Y = 0.5773 


Cell or substrate concentration, mg/L 


“OO - O1 ° 02° 03 04. 05 06 0.7 
l ne Dilution rate, h~! 
Fine 14.14 Comparison of Monod model calculations with experimental data for continuous mixed 


culture. (Reprinted from S. Y. Chiu et al., “Kinetic Model Identification in Mixed ai Using 
Continuous Culture Data,” Biotech: Bioeng, vol. 14, p. 207, 1972.) 


approach. Figure 14.14 shows the results of cultivation of a mixed. papino of 
sewage microorganisms in a chemostat. The solid lines, computed using the same: 
growth model as in Eq. (14.1) and the kinetic parameters shown in the figure, 
provide an excellent fit to the experimental data. Notice that although the kinetic ' 
parameters used here fall within the general ranges of magnitude suggested in 
Table 14.4, they differ considerably. This underscores the caveat just mentioned: 
the parameters must be determined for each waste stream, since they will vary 
with waste characteristics. 

Our discussions in Chaps. 7 and 9 suggested that dependence of model 
parameters on input compositions and operating configuration can. be reduced 
by introducing more structure into the model. Although much remains to be | 
done, an excellent beginning on development of structured models for activated- 


- sludge and other biological treatment processes has been made by Andrews and 


his colleagues [5-7]. Their work in this area has been motivated by the consider- 
ations we have summarized as well as a very important additional one: develop- 
ment of control strategies for wastewater-treatment plants. Every day most 
plants are subjected. to large disturbances which require some adjustment in 
plant operating conditions. A model with inadequate structure would not accu- 
rately reflect the effects of process disturbances and would be useless for simula- 
tion studies of plant dynamics and control systems. We shall return to this point - 
in Example 14.3; now let us examine Andreis structured sludge model and i its 
characteristics. 
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- In this model, biomass is divided 


from substrate and interconverted according to the scheme 


respiration respiration 
attachment synthesi sd s 
Substrate m, x, I, X, =E, X (146 
} Stored z Active — "3 Inert 
mass mass mass 
The rate of the attachment step is taken as 
f,s | 
rr=kix —x 14.7 
1 { Le ms K, s ( ) 


where k, is a mass-transfer coefficient and 


products in the floc phase. The total mixed-liquor volatile suspended-solids con- 
centration (MLVSS) is denoted by xr, which in turn is equal to the sum of 
stored-mass concentration Xs, the active-mass concentration x a» and the inert- 
mass concentration x,: . 


x, is the concentration of storage 


Xp =XetXytx,; 


. (14.8) 
Finally, f, is the maximum fraction of the MLVSS which can be storage products, 
s is substrate concentration, and K, is a saturation constant. From literature 


reviews and their simulation work, Andrews’ group suggests the parameter values 
listed in Table 14.5. . . 
The specific gate r, of the active mass synthesis step is presumed to follow 
Monod kinetics gg-that . 
E HaXs 
Be r= K,+x: Xa Y, ; (14.9) 


Table 145 Parameter values suggested by Busby 


and Andrews for structured 
kinetic model of the activated-sludge process 
Term Value : Definition 


k, 3.0 Substrate mass-transfer coefficient [E] 


fy ~ 0.45 Maximum fraction of MLVSS that can be storage products 

K, 150 Sorption coefficient [m/L?] l 

Ha 0.06 Maximum specific rate for conversion of stored mass to active mass [t~*] 
K, 80.0 Saturation constant [m/L?] . 

Y, 0.66 Mass of active mass formed per unit mass of stored mass converted 

Y, 0:25 ‘i Mass of inert mass formed per unit mass of active mass converted 

k 0.03 


Specific decay rate of active mass [t71]... 


t Adapted from J. B. Busby and J. F. Andrews, J. Water Pollut. Control Assoc., 47: 1067, 1975. 
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Figure 14.15 The initial stored-mass conceritration has a major effect on n batch šübstrate utilization i in 
Busby and Andrews’ structured model. i 


and the constant yield coefficient Y}, defined as the active mass synthesized per 
stored mass utilized, characterizes the synthesis step’s stoichiometry. Available `. 
data suggest that the inert-mass formation rate is first order in active mass: . 


nka% A410) 


Y, denotes the constant-yield coefficient (mass i formed per mass of A consumed). 
for this step. | 

Figure 14.15 shows the results of simulated batch growth using this model. 
Alternatively these curves could of course be viewed as the concentration in a 
plug-flow aeration basin as a function of position. An especially interesting fea- 


-ture of these calculations is the great improvement in substrate uptake which — 


occurs with decreasing initial stored-mass concentration. Such behavior is con- 
sistent with the increased efficiency provided by the contact-stabilization process, 
in which the stored mass is largely converted to other mass forms in the aeration 
tank which follows the clarifier. 

Indeed, Andrews and his associates have simulated the steady-state behavior 
of most versions of the activated-sludge process using this kinetic model. In these 
calculations, mixing in the aeration basin was modeled using four ideal contin- ` 
uous-flow reactors in series. The primary and secondary settlers were represented. - 
by models which are presented in detail in the references. Using reasonable load- — 
ing and sizing parameters, the model gave efficiencies, BOD removal rates, and `. 
operating characteristics in good agreement with experimental ‘data on these 
processes. Some of these results are listed in Table 14.6. | 

Besides its value in simulating a wide variety of steady-state process config- 
urations, the structured-sludge model just outlined is necessary for analyzing the 
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Table 14.6 Performance characteristics of several different biological oxidation- 
process configurationst | 
The average influent flow rate was 1000 m?/h for all cases 


Proces 
loading Total 
Type of Removal intensity Active tank BOD, removed, 
process BOD,, % kg/(kg-day) - mass, % volume, m? kg-(unit vol-day)~! 
Conventional 88 0.5 34 4,500 1.22 
Extended air 96 0.15 16 16,000 | 0.392 
Short term 80 0.75 40 2,200 2.21 
Contact 88 ~ 0.29 28 3,000 1.8 
Step feed 91 0.27 28 4,500 1.3 


‘From J. F. Busby and J. F. Andrews, J. Water Pollut. Control Assoc., 47: 1055, 1975. 


dynamic behavior of activated-sludge plants. This should be evident from Fig. 
14.15, in which the dynamic response of substrate concentration is shown to be 
highly sensitive to one segment of the total biomass. We discuss dynamics and 
control later, in connection with the anaerobic digestion process. Those inter- 
ested in control of activated-sludge systems can gain a good entrée into the 
available literature from Andrews’ review papers [5-7]. 


Consideration of even more detailed or structured models which explicitly consider popula- 
tion interactions between bacteria and protozoa in activated-sludge units has begun. In a series of 
papers considering models of activated sludge dynamics, Curds has investigated the food chain shown 
in Fig. 14.16. As indicated there, only the substrate and bacteria found in the sewage enter the plant 
in the influent sre Reetan Fig. 14.10, however, we recall that the feed to the aeration basin 
is a mixture of the influent waste and recycle-sludge streams, so that it is important to keep track of 
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Figure 14.16 The food chain used in Curd’s analysis of microbial interactions in an activated-sludge 
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„organisms which live on the floc phase and will be included in the recycled sludge. In Curds’ model, 
these species. which are underlined in Fig. 14.16, are the sludge bacteria, the attached: and crawling 


protozoa which prey on the suspended but not flocculated sewage bacteria, and finally the attached 
carnivorous protozoa, which prey on both free and attached protozoa.. 

Since by now the mechanics of writing the appropriate mass balances on the system should be 
familiar, we list only the assumptions needed to formulate Curds’ equations: 


1. The aeration basin is an ideal CSTR. 

2. The specific growth rate of each species shown in Fig. 14.16 decid on the concentration of i its 
nutrient in Monod fashion. The kinetic constants used in the simulation studies: “are given in 
Table 14.7; the yield factor for all steps is assumed to be 0.5. 4 l 

3. The concentrations of floc organisms in the sludge recycle are directly proportional to their 
respective concentrations in the aeration-basin effluent. Thus, for example, 


Xir = biXia TP. asan 


where b; is ; the settler concentration factor for species i. These constants are aio listed in Table 
14.7. We take b = 1 for substrate. t 


Auman 3- makes it quite easy to include the sedimentation basin i in the model thereby incorporat- 
ing the effects of core in the simulations.. 


Table 14. 7. pandas for different microorganisms in Curds’ model of activated 
sludgeé 


Concen- 
tration ` Maximum Settler 
in noñ- Range in specific ' Satura- concen- 
variable variable growth tion . . tration 
sewage, sewage, rate, constant, Food of factor 
Organism mg/L mg/L © ho! © mg/L"! organism b 
Sewage bacteria 30 15-45 0.5 10.0 Substrate 
Sludge bacteria — — -seses st tereeees -03 15.0 Substrate - , 1.90 
Flagellates Wo na tenet ee nee eee es © 04 - 7120 Substrate 
Bacteria-consuming l 
ciliates: : 
| Free-swimming  ©0eeeee eeereeeees 0.35 12.0 Sewage, © 
bacteria 
Crawling eee tee eee eens 0.35 12.0 _ Sewage 1.27 
ao l ~ bacteria : 
-Attached essees te ee eens 0.35 - 12.0 .: Sewage 1.90 
O SaS oi e aa Sg o .. bacteria 
Carnivorous ciliates: . 
” Free-swimming ees > veesenaees 035° 120 Bacteria - 
l “consuming 
Ss _. ciliates 
Attached weer o oars 0.35. - 120 ~ ` Bacteria . 1.90 
l consuming 
ciliates 


t From C. R. Curds, Water Res., 1: 1269, 1973. 
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The presence of free and attached 


zoa allows four different prey-predator pairs, labeled a to d in F 


pair separately, assuming in the analysis that the other thr 
trophic level are 


acteria compete with sewage 
nutrient, the sludge bacterial population is reduced. 
For prey-predator pai 


nzero populations of all species at 
assumed are F = 100 L/h, « = 1, 
ge bacteria by is 30 mg/L. 


Sewage bacteria in effluent, mg/L 


0 or greater in some instances. 


quality, Curds has considered 
tions oscillate according to 


F = 100 + 50 sin 27t L/h 
So = 200 + 60 sin 27t mg/L 


by = 30 + 15 sin 2nt mg/L 


(14.12) 


Free-swimming ciliates, mg/L 
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Figure 14.17 Simulation of an interacting activated-sludge population in which free-swimming ciliates 
prey on attached ciliates. (Reprinted from C. R. Curds, “A Theoreticai Study of Factors Influencing the o 
Microbial Population Dynamics of the Activated-Slu 


dge Process—I,” Water Res., vol. 7, p. 1269, 1973.) 
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Figure 14.18 Simulation of start up of an activated-sludge unit in which the feed flow rate, feed. 
substrate concentration, and feed sewage concentrations oscillate sinusoidally with a period of 1 day. 
(Reprinted from C. R. Curds, “A Theoretical Study of Factors Influencing the Microbial Population 
Dynamics of the Activated-Sludge Process—I,” Water Res. vol.7, p. 1269, 1973.) 


where t is time in days and the carnivorous predators have been excluded from the calculations. The 
resulting behavior is illustrated in Fig. 14.18. This figure shows a succession of dominating. popula- 
tions like those we have seen before in spoilage and soil microbiology. Another interesting feature of 
these simulations is the survival.of attached ciliates, while free-swimming and crawling ciliates are 
washed out. While free-swimming ciliates are normally not found in healthy sludge, crawling forms 
are, so that some further refinements in this model are desirable. We should point out in closing that 
the ‘oscillations seen in Fig. 14.17 are very different from those of Fig. 14.18. In the latter case, the © 
oscillations are forced by the cyclic variations in feed conditions. The former oscillations, which occur - 
with constant feed conditions, are autonomous and reflect special nonlinear characteristics of the 
system. Bailey’s review (Ref. 10 of Chap. 11) may be consulted for further comments on these matters. 


_ While the structured models. developed recently by Andrews, Curds, and 
others offer great. promise for improved design methods and control systems, 
they have not yet enjoyed widespread application.. With further testing and more 
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careful experiments to check their validity, we can expect models of this type to 7 
` gain wider acceptance in the future. a e l : 


14.4.4 Aerobic Digestion 


The high biological content sludge product from an activated sludge operation is 
frequently subjected to an additional aeration step which operates like an unfed 
activated sludge system. In this circumstance, the biomass utilizes its own carbon 
in endogenous respiration, and the net result is typically a 50 percent reduction 
of solids content. No cell recycle is used, and cell and hydraulic residence times 
are thus equal at 15 to 25 days. This treatment diminishes the total sludge mass 
to be disposed of by hauling (truck or barge). 


14.4.5 Nitrification 


In conventional aerated waste treatment processes, nitrogen-containing organics 
are among the substrates which are oxidized biologically. These oxidations often 
initially yield ammonia which must be oxidized to nitrite then nitrate in order to 
yield a final effluent of sufficiently low oxygen demand. As indicated earlier in 
Fig. 14.3, two microbial species are responsible for these conversions, Nitroso- 
monas and Nitrobacter. In unbalanced reaction forms 


a 
NH; + CO, +O, Amons, cells + NO7 
Ni 
NOz + CO, +O, Se, cells + NO; 
Specific growth rates for each of these species follow a simple Monod func- 
tion form; data of Lawrence and McCarty’ provide the following parameter 


values: | 


Yy Umax K sS 

gcells/gN day™! mg/L 
ee 
Nitrosomonas 0.05 0.33 1.0 : 
Nitrobacter 0.02 0.14 2.1 


a 


Material balances on Nitrosomonas and Nitrobacter species can be used to 
evaluate the effluent ammonia and nitrite concentrations from the activated 


sludge reactor, the throughput of which is generally based on BOD removal 
requirements. An example of such calculations follows. ee ee = 


+ A. W. Lawrence and P. L. McCarty, “Unified Basis for Biological Treatment Design and Opera- 
tion,” J. Sanitary Eng. Div., Proc. ASCE, 96: 757, 1970. 
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If cell residence time is too short in the activated sludge portion, a second aérated 
tank may be used subsequently to complete nitrification to the desired level. 


Example 14.2: Nitrification design Schroeder (Ref. 10) provides the following case. 


Industrial wastewater treatment: 


Waste characteristics: Ultimate BOD: 400 mg/L (soluble) 
. RAS i ` Organic N: © ~ 60 mg/L © 
a Phosphate (POs" ) 30 mg/L 
pH | 7.0 . 
T . 20°C 
Process kinetics and stoichiometry l H, = 20d^! 
Substrate utilization Km 5.0 mg/L . 
ae 0.4/(1.0 + 0.068.) 
Sludge settling rate Up 2.7 — 0.00026x cm/min 


The maximum effluent levels are 10 and 0.5 mg/L for BOD and ammonia nitrogen, respectively. 
Design requires consideration of activated aude tank nitrification performance to see sif an addition- 
al nitrification tank is need. . 

Ir N and P are not growth limiting, but carbon C is, then the BOD removal specilication implies 


Rate of BOD format F-(10—400)_ sm 14E2.1 
ate o ormation = A re haa ( | .1) 
A cell (biomass) balance provides a cell growth rate 
X YoshsSX 
Rate of biomass formation = — = ——— — (14E2.2) 
6. Km + s pe is f T 


The minimum cell age which is needed to effectthe required BOD conversion is obtained with 
s = 10 mg/L. Thus, with Y,,, = 0.4/(1 + 0.060,), we find 


(Km + s) 
` 0.4u,s — 0.06(K,, + s) 


5 +10 
F 0.4(2)(10) — 0.06(5 + 10) 
= 2.1 days 


0 (minimum) = 


Thus, for operation at 0, > 2.1 days, a satisfactory. BOD level is achieved. 

For 'nitrification in the activated sludge plant, we have entering N at 60 mg/L and or 
Similated at a concentration of 1% (Y,,.)(s; — 5). Thus, assimilated N is 16.6 and 14.3 mgka at 6, 
alues of 3 and 6 days, respectively. 


-~ The material balance on Nitrosomonas biomass gives `` 


L Umax NH3 SNH Sox OMe: 
rae ee n : 14E2.3 
8. Kyn, + SNe, 225 : Giy ( an ) 
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Evaluating the specific growth rate using the kinetic parameters from the table above and the speci- 
fied effluent ammonia concentration gives 


1 0.33(0.5) 
6. 1.405 


= 0.11 day~! 


Thus, ammonia conversion meets effluent requirements if 0, > 9 days. Taking 0, 


= 10 days, the corre- 
sponding nitrite level is found from an equation of the same 


form with the nitrite conversion param- 


eters: : 
1 nas S f 
= fag eNO O _ (14E24) 
6, Kyo, + Sno, 
Kyo, 
or Sno, = 


O- Hmax, NO: — 1 


Evaluating this formula for the Nitrobacter parameters above gives Sno, = 5.25 mg/L. 

The preceding calculations show that in this case BOD removal is more rapid than nitrification. 
Hence either a larger single activated sludge tank, or an activated sludge BOD removal reactor 
followed by an aerated nitrifying system, is needed to obtain desired effluent nitrogen quality. 

Nitrification adds to the overall oxygen demand of the activated sludge unit according to the 


' following stoichiometry: 
_ NH; +30, ———> NO} + H,O + H+ 


Fuller process design would include the contribution to nitrification made by the cell settling-sedi- 
mentation unit makes just down stream of the activated sludge reactor itself. 


14.4.6 Secondary Treatment Using a Trickling Biological Filter 


The so-called trickling or percolating biological filter is a popular alternative to 
the activated-sludge process. Here a film or slime of microorganisms lives on 
solid packing which loosely fills a vessel (void fraction about 0.5) designed to 
permit air to enter the lower portion of the bed. A typical biological-filter design 
is illustrated in Fig. 14.19. . 

The use of the term “filter” to describe this system is in a sense unfortunate, 
since the mechanism of waste removal is not due to straining but to the same 
attachment-biological-oxidation sequence which operates in the activated-sludge 
process. Before examining the microbial populations active in trickling filters, it is 
important to have a clear picture of the engineering and operational characteris- 
tics of the unit. . . 

Liquid to be treated is fed to the top of the bed, which typically is 3 to 10 ft 
deep, either continuously, through fixed nozzles over the bed, or periodically, 
using a rotating distributor like that in Fig. 14.19. In both cases, the liquid rate 
must not be high enough to flood the bed. To ensure adequate oxygen Sie 
the liquid should trickle over the slime-covered packing in films sufficienti .. ., 
for the oxygen continuously to supply aerobic organisms in the outer surface (1 
the microbial film. Unlike the activated-sludge process, which often receives 


forced aeration, air is circulated through the trickling filter by natural convection. 
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Rotary effluent distributor - ~~ 


Underdrains 


Air ports 


Concrete retaining 
wall 


Figure 14.19 A trickling biological filter. (From J. W. Abson and K. H. Todhunter, p. 326 in N. 
Blakebrough ( ed. ), “ Biochemical and Biological Engineering Science,” vol. 1, Academic Press, London 
1967.) ! l 


The driving force for this convection is the temperature difference generated in 
the trickling filter by biological oxidation of the sewage; air ports and ac- 
companying ventilation pipes within the filter allow air to enter the bottom and 
intermediate portions of the bed. Pe 

The basic principles of substrate diffusion and reaction a discussed 4 in Sec. 4.4.2 
also apply to biological filters. However, the complexities inherent in the mixed- 
substrate-mixed- population problem have prevented development of analytical 
design methods for complicated systems such as a biological filter, where there 
are gradations in concentrations and population densities both locally (within 
the films) and globally (within the bed from top to bottom). Still, the qualitative 
understanding of diffusion and reaction in films gained in Sec. 4.4.2 is ‘useful. We 
can anticipate that development of anaerobic regions deep within the film will 
produce gases which cause portions of the slime to detach spontaneously from 
the packing. The organisms sloughed off of trickling filters in this fashion are 
often called humus, and this solid debris must be removed in a clarifier following 


. the biological filter. The average film thickness achieved by this spontaneous 


regulation is a complex function of operating parqmieisrg In a pel -operated 
filter, a film thickness of 0.35 mm is typical. i l 

The usual ranges of loadings and efficiencies of trickling biological filters are 
listed in Table 14.8. For the conventional process, the hydraulic loadings indi- 


_ cated result in liquid residence times in the filter of 20 to 60 min. The high-rate 


option indicated in Table.14.8 is sometimes called a flushing trickle filter; because 
higher liquid rate used, slime buildup is limited. On the other hand, this 
#6;of operation flushes out more humus, which must be eliminated i in a subse- 
quent settler. = 

_ We can draw a useful space-time analogy by taking a acon trip 
through the trickling filter; i.e., suppose that we ride through the filter, from top 
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Table 14.8 Characteristics of high-rate and low-rate trickling filterst 


Feature l Low-rate High-rate 
Hydraulic loading, gal/(day- ft?) 25-100 i _ 200-1000 l 


Organic loading, (lb BOD y : 5-25 ‘25-300 
(1000 ft? - day) _ 
Depth, ft ; 
Single-stage - -5-8 i 3-6 
Multistage 2.5-4 1.5-4 
Dosing interval Intermittent l Continuous 
Recirculation i Generally not included Always included 
Effluent Highly nitrified, Not fully nitrified, 30 mg/L 
20 mg/L of BOD, or more of BOD, 


t From L. G. Rich, Environmental § ystems Engineering, p. 370, McGraw-Hill Book Company, 
New York, 1973. 


to bottom, in a liquid drop. Then, as we travel through the packed bed, we shall 
see changes with time in the liquid composition as different components are 


isms gain ascendency, causing further changes in the liquid and Continuing the 
Succession of different microbial populations. . 
Now let us transfer this observation to a fixed, or Eulerian, frame of refer- 


tion. aa 

The spatial segregation of organisms in biological filters Provides an oppor- 
tunity for each species to adapt fully to its immediate environment. Because of 
this, low-rate biological filters usually provide clearer, more highly nitrified ef- 


Processes. As indicated in Table 14.9, however, activated-sludge units are in some 
respects superior to trickling biological filters. Choice between the two. processes:. 
- requires careful consideration of waste characteristics, costs, and environmental 
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Table 14.9 Comparison between trickling-filter and activated-sludge water 
treatment processes 


Item Filter Sludge tank 
Capital costs High - Low 
Operating costs . Low High 
Space requirements. High Low 
Aeration control Partial except in enclosed Complete 
a forced-draft types 
Temperature control . Difficult due to large heat Complete; heat losses small; 
- losses- le 
Sensitivity to variations in Fairly insensitive but slow to More sensitive but recovery 
applied feed concentrations recover if upset : quite rapid 
Clarity of final effluent Good Tia - Not as good 
Fly and odor nuisance High Low l 


t From J. W. Abson and K. H. Todhunter, p. 337 in N. Blakebrough (ed.), Biochemical and 
Biological Engineering Science, vol. 1, Academic Press, London, 1967. 


- Lagoon systems, while much more primitive than either the activated-sludge 
or trickling-biological-filter processes, provide another useful method for waste- 
water treatment. In oxidation ponds, which closely resemble natural aquatic-eco- 
systems, algae free oxygen through photosynthesis, thereby maintaining aerobic 
conditions for bacteria which consume organic wastes. Oxidation ponds are 
made quite shallow, typically 2 to 4 ft deep, to avoid establishment of anaerobic 
zones near the bottom. On the other hand, we find anaerobic conditions or an 
alternating temporal pattern of aerobic and anaerobic environment in. waste- 
stabilization lagoons, which are used for wastes containing settleable solids. Addi- 
paal data on these processes are provided i in Rara [3]. Shae G 


14. 4. 7 Anah Digestiont 

Wastes containing substantial amounts of fermentable organic sampone can 
be treated biologically under anaerobic conditions. Although anaerobic treat- 
ment has broader applications, a major use arises in treatment of excess sludge 
solids (Figs. 14.10 and 14.13) produced in sewage- -treatment processes. AS we. 
have discussed earlier, concentrated sludge is “produced at several stages of these 
processes, including waste particulates removed in the screening and primary 
sedimentation units and also the sludge grown in the secondary biological oxida- 
tion process. This material is further concentrated, or thickened, often. merely by 


settling, before disposal, frequently with anaerobic biological digestion as one. of : 


me steps i in the process. 


t This section is based on x the discussion of mathematical modeling of anaerobic dipestion’ In. s. P:-. 


-Graef and J. F. Andrews, CEP Symp. Ser., [136] 70; 104-127 (1974). 
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_A simplified schematic of the overall mechanism of anaerobic digestion, 
which involves a multitude of microbial species, is 


‘Insoluble ____liquefaction by 


organics extracellular hydrolytic 

enzymes 
| Bacterial cells 
Soluble acid producing 


organics bactena Other products 


Volatile acids + CO, + H, 


gasification 
by methane- 
Producing 
bacteria 


CH, + CO, + bacterial cells 
(14.13) 


In the first step, large solid-sludge material is solubilized or dispersed by extracel- 
lular enzymes synthesized by a broad spectrum of bacteria. Among the enzymes 
found in anaerobic digesters are proteolytic, lipolytic, and several cellulolytic 
enzymes. Since solids do not build up in anaerobic digesters, these solubilization 
reactions apparently proceed fast enough to prevent this step from limiting the 
rate of the overall reaction sequence (14.13). 


Acetic acid is the most important substrate for the final reaction of the 
Sequence, since-about 70 percent of the methane produced has been shown to 
derive from that component. This gasification Step of the process involves meth- 
ane bacteria, which are strict anaerobes. A narrower range of pH, from 7.0 to 7.8, 


_ Figure 14.20 is a schematic diagram of an anaerobic digestion unit. Mixing is- 
Provided to prevent high local concentrations of acids from developing. In order 
to maintain a satisfactory environment for both acid formers and the methane 
bacteria, digesters are operated at a pH around 7. Also indicated in Fig. 14.20 is 
an external heat exchanger, which provides an above-ambient temperature in the 
vessel. At present, the usual practice is operation at thé temperature in the meso- 
philic range which maximizes the rate of Sludge digestion, about 90 to 100°F. 
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Figure 14.20 ‘Schematic diagram of an anaerobic digestion unit. ( Reprinted from -B.- Atkinson, “ Bio- 
chemical Reactors,” p. 24, Pion Ltd., London, 1974:) a? Se 


There is limited evidence that more rapid digestion is possible in the thermophilic 
_ fange, with largest rates at about 130°F. Operation at this temperature level is: 
relatively rare: higher energy cost is one factor which weighs in favor of the 
mesophilic range of temperatures. The solids-residence time required for anaero- - 
bic sludge digestion at mesophilic temperatures is 10 to 30 days in a well-agitated 
unit. . ns er i 
© Fortunately, the anaerobic digestion process produces a fuel ‘which can be 
used to reduce energy costs for the wastewater-treatment plant. In some in- 
stances, the methane produced by anaerobic waste treatment is used -outside the ` 
_ plant for heating and power. The gas mixture produced by anaerobic digestion, 
__.which is collected from the top of the unit as indicated in F ig. 14.20, is roughly 65 
<z- to 70 percent methane, with CO, comprising most of the remainder. Hydrogen 
ulfide, produced by sulfate-reducing bacteria, is present in small amounts, as are 
H, and CO. The digester off-gas has a heating value of 650 to 750 Btu/ft? and is 
` produced with a yield of 12 to 18 std ft?-per pound of organic matter decom- . 
posed. Since this gas has a substantially lower Btu value than natural gas (about © 
1000), it has not been such an attractive product in areas where natural-gas. - 
supplies are plentiful. With rising-energy costs, however, increasing attention is - 
being devoted to anaerobic digestion as a potential fuel source, ‘albeit after thë ~ 
Necessary H,Sremovah = a e a vite es aE 
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Table 14.10 Effects of anaerobic digestion on 
sewage sludge’ 
a 


Fraction Raw sludge Digested sludge 
eee ee aaa 
Ether-soluble 34.4 8.2 
Water-soluble 9.5 5.5 
Alcohol-soluble 2.5 1.6 
Hemicellulose 3.2 1.6 
Cellulose 3.8 0.6 
Lignin 5.8 8.4 
Protein 27.1 19.7 
Ash 24.1 56.0 


a Rnerneneee 

‘From J. W. Abson and K. H. Todhunter, p. 339 in N. 
Blakebrough (ed.), Biochemical and Biological Engineering 
Science, vol. 1, Academic Press, London, 1967. 


As a result of anaerobic digestion, the sludge is in much better condition for 
further treatment. First, the organic sludge solids are reduced by as much as 50 
to 60 percent. Moreover, the composition of the sludge is profoundly changed 
(see Table 14.10). Because of these alterations, digested sludge is much less putre- 
factive than raw sludge, and it is also easier to dewater. After dewatering, which 
is often accomplished with rotary-drum vacuum filtration, the sludge is dried 
further, then spread on land as a fertilizer, dumped, or incinerated. Figure 14.8 


indicates some of the other options for sludge treatment, and others are discussed 
in the references. 5 


14.4.8 Mathemilitical Modeling of Anaerobic-Digester Dynamics 


Despite production of a gaseous fuel and residual solids with fertilizer value, 
anaerobic digesters have a bad reputation because they are prone to operational 
problems. Many digester failures have been documented, with the major known 
causes classified as hydraulic, organic, and toxic overloading. In the first case, the 
dilution rate exceeds the growth rate of digester microbes, which are then washed 
out of the unit. High organic substrate concentrations, on the other hand, cause 
buildups of volatile acids. Methane bacteria are inhibited, and the digester 
“sours” as pH falls and failure ensues. When substances toxic to the methane 
bacteria. enter the digester in sufficient amounts, washout of this population 
causes failure of the overall process. . 

_ Since improved operational practices could be of great benefit to enhanced 
Success of anaerobic-treatment processes, there is an obvious incentive for study- 
ing the dynamic characteristics of these units and attempting to develop suitable 
control strategies. We shall review in this section a very interesting mathematical 
model of anaerobic digestion which was developed by Graef and Andrews. Also, 
some of the control schemes which they studied will be examined in Example 
14.3. This model provides a fitting climax for this text because it involves intri- 
cate interplays between physical, chemical, and biological factors. It therefore 
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exemplifies a synthesis of classical engineering skills with basic biological knowl- 
` edge to achieve a biochemical engineering analysis. 

We have already mentioned that conversion of volatile acids by the methane 
bacteria appears to be the rate-limiting step in the sequence of biological reac- 
tions (14.13). Assuming that all volatile acids can be represented as acetic acid 
and that the composition of methane bacteria can be approximated by the empir- 
ical formula C;H,NO,, Graef and Andrews [7] develop the following stoichi- 
ometry for the gasification reaction: 


CH,COOH + 0.032NH;, | 
—— 0.032C,;H,NO, + 092CO, + 0.92CH, + 0.096 H,O (14. 14) 
The limiting substrate for this reaction is presumed to be the nonionized 


volatile acids. The concentration of the nonionized form, HS, differs in n general 
from the total concentration s due to the ionization reaction 


HS S- + Ht Ke , (14. 15) 

: where S~ is used as. a shorthand notation for iene substrate. Since. 
1 —log K, = pK, is 4.5 and digesters operate at pH’s above o we know that 

’ almost all the acid is in the ionized form, so that . 

y . a 14,16) 

i and (hs) x ae (1417) 


In order to incorporate the known inhibitory effects of high substrate concentra- 
tion in the model, Graef and Andrews [7] modified the Monod expression tor: 
. Specific growth rate to the form ' 


4 l 1 . 
$ i = Umax) ————— 14.18 

EEEN aii i + K,j(hs) + JK] rah 
d «which i is familiar from our kinetic studies in Chaps. 3 and 7. Also included i in the 
. ë bacterial growth rate is a death rate, which is presumed to be first order in toxin 
; “concentration [tox]': 


rp = —kr[tox] . (14.19) 


Based on the available data and Graef and Andrews’ estimates, the parameters. 
appearing in these rate expressions have the following values: Umax = 0.4 day : 
= 0.0333 mmol/L, K; = 0.667 mmol/L, and kr = 2.0 day. 

If constant yield coefficients for the ratios (cell mass)/(limiting substrate), 
Ys; CO,/(cell mass), Yco,/x; and CH,/(cell mass), Ycna/x» are assumed, the ma- 
terial balances on the substrate and biological phase in the digester take the form 
indicated at the bottom of Fig. 14.21. The quantities Rẹ and Qcy, denote the rate 
‘CO, and methane formation, respectively, due to biological gasification. For 


, 


.- t To avoid confusion, the concentration of some components are indicated within brackets; others 
are denoted as usual by lower case italics. 
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Gas Phase 


Pco, 
Te -~Q 
Pa Va ši Ww“ 


= -7 = Qco, + Ocu, + Qu,0 


Pco, Te Qcu, 


Liquid Phase 
Zo 7 s(h*) +) _ K,[CO2]p 
—*— | (hs) = K, ae [HCO;] 
a dz F 
[HCO;]=z-s =F -2) 
(HCO; ]o Tg = k, a([CO,}§ — [CO,],) 
{CO2]p, 


[CO,]5 = Ky Pco, 


[tox]o | dLtox] _ T (Ltox]e — [tox]) 


dt 
F,V d[CO;] F 
| ~g ~ =p (lC — [CO2]p) + To + Ry + Re 
F ds dz 
Leket, | Re =Z (HCO; ] - [HCO;]) + - Z 
kia V t dt 
$ 
E hs) s [tox] Rg Qca, 
& Biological Phase 
0 A 
ae dx F kq[tox] 
Sos ete ep hot ee rLto 
Y. ds _ a ) H 
= x ye’ ce 
max» Ks» K; kr . | . K, ©] 
— > = š ] ——— 
H = Une + is) + K, 
F, V, ; V 
at, Rg = Yooux#X; Qcn, = — Youu x 


g 


Figure 14.21 Summary diagram of the mathematic model of anaerobic digestion. The arrows indicate 
information flow between subsystems and interactions with the external environment. {Reprinted 
from S. P. Graef and J. F. Andrews, “Mathematical Modeling and Control of Anaerobic Digestion” in 
G. F. Bennett (ed.i. “ Water-1973” CEP Symp. Ser. No. 136, vol. 76. p. 101, 1974.) 
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; : i conditions typical of anaerobic digesters, the gas density pç is 0.0389 mol/L, and - 


Youux and Yoo,)x are both 28.8 mol/mol. As Fig. 14.21 shows, methane is quite 
insoluble, so that all the methane formed enters the gas phase. 

This is not the case for CO,, however, which exists in the liquid phase in two 
forms as well as in the gas phase. The rate of mass transfer. of CO, from the gas 
to liquid phases is given by the familiar form from Chap. 8: 


Te = k,a(([CO2]% — [COz]p) ~ (14.20) 


where [CO,]p is the concentration of dissolved CO, and [CO,]¥ is this concen- 
tration at equilibrium. From-Henry’s law Fo ge M5 


[CO] = KuPco; (14.21) 


where peo, is the partial pressure of CO, in the gas phase. Graef and Andrews 
suggest values of 100 day~! and 3.25 x 1075 mol/(L/mmHg) for k,a and Ky, 
respectively. S iy oe 

Another pathway by which CO, can appear in the liquid phase is bicarbon- 
ate association, according to co l 


HCO; + H+ 


H,0 + CO, equilibrium constant = 1/K 1 
l a (14.22) 


i _ If we let Re denote the rate of this reaction, the mass balance on bicarbonate in 


the liquid phase is’ 


y HCO; ] 


q; ~ = FEHCO; h — [HCO}]) — VR, (14.23) 


We can obtain an independent expression for d[HCO;} ]/dt using the requirement 
of electroneutrality, which can be written 


[H*] + c = [HCO;] + [S7] + [OH"] + a +.2[CO2-] (14.24) 


where c is the total cation concentration, including contributions of calcium, 


sodium, magnesium, and ammonium, and a is the total anion (chlorides, phos- 


phates, sulfide, etc.) concentration. For a digester operating in the normal pH 
range of 6 to 8, [H*], [OHT], and [C037] are negligible, and Eq. (14.24) 


- becomes . 
| z=(HCOs]J+s (14.25) 
where z, the net cation concentration, is defined by | 
| z=c¢—a (14.26) 


and s~ has been replaced by s, as discussed earlier. If sulfide. concentration is not 
too large, z corresponds approximately to ammonium-ion concentration. We 
shall suppose that the Z mass balance may be taken as C 


d(z) _ F 


E F (29-2) |. | (14.27) 
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Now, differentiating Eq. (14.25) with respect to time gives 
d{HCO;] dz) ds) 


dt dt dt -oN 
Eliminating d[HCO; ]/dt from Eqs. (14.28) and (14.23) gives 
ee ds) de) 
R. = p (HCO; Jo ~ [HCO,) + FF (14.29) . 


This rate is included in the material balance for liquid-phase CO,, as indicated in 


Fig. 14.21. 

The gas-phase mass balances are relatively straightforward, as Fig. 14.21 
shows. Notice how the various gas-production rates computed elsewhere in the 
model are used to obtain the total effluent flow rate. 

Next let us review some of the simulation results obtained using the model. 
Table 14.11 lists the parameter values and standard steady-state conditions em- 
ployed in these calculations. Simulation of a batch digester, which is achieved 
simply by setting F = 0 in the continuous model, shows that increasing initial 
organism concentration, increasing initial pH, and decreasing initial substrate 
concentration all lead to smaller batch digestion times. The same trends have 
been observed in the field. - 

Another situation considered by Graef and Andrews is digester start-up. 
They showed that the model predicts: (1) a decreased time for start-up if initial 
pH is increased or the feed-sludge concentration is increased, (2) failure if initial 
pH or feed-sludge concentration is too low, and (3) alleviation of the possibility 
of digester failyse during start-up by slowly raising the digester loading to its 
final value. Again, field units show similar characteristics. 

The model summarized above also exhibits the three modes of failure dis- 
cussed at the start of this section. Simulation results for two of these cases, 
organic and hydraulic overloading, are displayed in Figs. 14.22 and 14.23, respec- 
tively. In all these calculations, a step change in a process input occurs at t = 1 
day. If the magnitude of this change is sufficiently small, say less than 35.7 g/L in 
feed-substrate concentration and less than 2.5 L/day in the case of a hydraulic- 
flow-rate disturbance, the digester attains a new, stable steady state in the vicinity 
of the original operating state. Substantially larger step changes in these inputs 
cause the process to run away: pH and methane product drop precipitously 
while the effluent substrate (volatile acids) concentration rapidly climbs. Com- 
puted results for a pulse of a toxic agent also reveal digester failure if the toxic 
overloading is too large. 

- Consequently, we see that the model outlined above characterizes the quali- 
tatively dynamic features of anaerobic digestion quite well. Further study of this 
model and subsequent refinements will greatly aid our understanding of these 
complex processes and aid in development of design and operational strategies 
for improved performance. In fact, several suggestions for control design and 
possible flags for impending failure are discussed further in Andrews et al. [5-7]. 
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One of the most interesting control schemes studied by these authors is reviewed 
in the following example. We should emphasize that a dynamic ‘model which 
retains the known essential dynamic features of the real process is an indispens- 
able ingredient for such investigations of controller design. 


Example 14.3: Simulation studies of control strategies for anaerobic digesters The following four meth- 
ods of feedback control of anaerobic digesters were considered by Graef and Andrews: (1) gas scrub- 
bing and recycle, (2) base addition, (3) organism recycle, and (4) flow reduction. Since the first 
approach is the most unusual, and since it uses the ionic-equilibria portions of the model, we shall 
concentrate on control via gas scrubbing and recycle in this discussion. [See Prob. 14.9 for control via 


(3) or (4).] 


A schematic diagram illustrating this control configuration is provided in Fig. 14E3.1. As indi- 


cated there, some of the effluent gas from the digester is scrubbed to remove CO,, and then this gas is 
recycled to the digester. How much CO, is removed by passage through this loop is determined by 


Compressor Gas effluent 


Scrubber 


Influent 


pH 
feedback 


Figure 14E3.1 Off-gas scrubbing and recycle control system. (Reprinted from S. P. Graef and J. F. 
Andrews, “Mathematical Modeling and Control of Anaerobic Digestion,” in G. F. Bennett (ed.) 
“Water-1973” CEP Symp. Ser. No. 136, vol. 76, p. 101, 1974.) 


> 


the pH within the digester. When digester pH falls below a threshold value, gas flow through the CO, 
scrubbing loop is increased. Removing CO, from the digester gas phase will cause the carbonic acid 
concentration in the liquid to drop, thereby creating an increase in pH. l 

This rather subtle approach to pH control has several potential advantages relative to conven- 
tional techniques, which require addition of a base. If strong alkali is added, it may create, at least 
` temporarily, localized regions of very high pH without effectively raising pH in the total vessel. 
Moreover, metal cations in the alkali can be toxic to the microbial population of the digester. Lime 
addition, another possibility, has the problem of creating an insoluble carbonate precipitate. 
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After gaining experience with this control system, Graef and Andrews concluded that a multi- 
level control provided best results. In this scheme, there are two overlapping on-off bands for the gas- 
recycle flow rate Qg: l l 

Qrı=0  pH<6.75 
Ôrı =Q, 6.75 < pH < 7.00 
Qr =0 pH>700 


Second stage Qr2: 
Qr2 =9 pH < 6.65 
Qr2 =Q: 6.65 < pH < 7.00 
(Or = 0 pH > 7.00 
with Qr = Qri + Qr 


Figure 14E3.2 shows the response of the digester with gas-scrubber feedback control to organic 
overloads. Notice that the controlled system survives a step increase in feed substrate of 40 g/L, while 
this overload is more than sufficient to cause the uncontrolled digester to fail. Unfortunately, this 
mode of control could not prevent failure when toxic or hydraulic overloading occurred. The suc- 
cesses and shortcomings of other control strategies are summarized in Table 14E3.1. From the simu- 
lation results indicated there, it appears that a multivariable control scheme is necessary for stable 
digester operation in the face of all three kinds of overload. With such a control system, digester 
variables, e.g., pH and methane production rate, would be measured, and in response to all these 


measurements more than one variable (such as gas and sludge recycle and residence time) would be 
manipulated. 


Table 14E3.1 Summary of control strategies for anaerobic digester control! 
In each case, the manipulated variable was switched in an on-off fashion to maintain the measured 
variable near its set point value 


Control effective in preventing digester 
failure in the event of: 


Organic Toxic Hydraulic 


Measured variable Manipulated variable overloading overloading overloading 
Digester pH ` ~ Flow rate through Yes No No 
© ` gas-recycle line with l 
CO, scrubbing 
Flow rate of caustic Yes No No 
added to digester 
Liquid flow rate in and Uncertain Uncertain Yes 
out of digester 
Rate of methane Rate of recycle of sludge No Yes No 


production collected from digester 
: liquid effluent 


aeree a 


t Adapted from S. P. Graef and J. F. Andrews, CEP Symp. Ser., [136] 70: 101, 1974. 
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14.4.9 Anaerobic Denitrification 


Nitrogen reduction is accomplished under anaerobic circumstances bya variety 
of bacteria which can consume organics and utilize nitrate and nitrite as electron 
acceptors. Ultimately, two separate paths occur: 


(a) In assimilatory nitrate reduction, some nitrogen becomes ammonia and is 
incorporated into cell biomass. 
(b) In dissimilating reduction, molecular nitrogen is the final product. 


As not all bacteria can effect both conversions, two independent reactions — 
can be written: 


NO; + organic ——> cells + NO; + CO, 
NO; + organic ——— cells + N, + co, 


Nitrite levels observed are very low, so a. single combined expression yielding 
cells and N, may often suffice. - poo on 

The organic may be added to give a level sufficient to effect the desired. 
conversion of nitrate. Methanol has previously been used as a carbon and energy _ 
source with a relatively low cell yield, but cost increases have made this organic 
substrate less desirable. — | . oo sf atid 

_ Packed-bed lab denitrification studies have shown that the dissolved NO;- 

and NO, levels vary with distance according to a simple sequential reaction ` 
pattern, leading to a high N removal efficiency as characterizes a plug flow oper- 
ation. Cell growth eventually lead to reactor plugging; thus process design im-: 
provements are needed in this emerging area of denitrification conversions. 


14.4.10 Phosphate Removal 


Phosphorus is typically present in raw wastewaters at concentrations near 10 
mgP/L, including orthophosphate, dehydrated orthophosphate (polyphosphate) 
and organic phosphorus. Biological treatment processes result in conversion of 
most P to the orthophosphate forms (H,PO,, HPO2~, PO3-). These latter 
forms may be removed by precipitation if effluent guidelines on phosphorus 


require low phosphate values relative to the influent. Precipitating agents may 


3HPO{” + 5Ca?* + 40H- ———> Ca;(OH)(PO,), + 3H,O 
HPO,” + Al?* amen d AIPO, + H+ 


When lime is used as a Ca source, precipitation normally follows biological 


| treatment. With alum (or iron) as precipitant, treatment may be effected in thë 


l activated sludge operation itself or in a primary settling basin (Fig. 14.8). 
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PROBLEMS 


14.1 Nitrification design (a) For Schroeder’s Example 14.2 (pp. 939-940), what is the effluent BOD if 
cell age is determined from ammonia effluent requirements, i.e., if 0, = 9 days? (b) The Monod form 
for carbon concerns the rate of substrate utilization, r, = 4,5/(K,, + s). Show, using Eq. (7.25), that 
YoosHs = Hm and that Y' (Eq. (7.25)) and Y,,, are the same variable. (c) How would you rationalize the 
behavior (Example 14.2) Y'(= Yp.) = a/(1.0 + b@,)? 


14.2 Industrial vs. waste-treatment reactors A comparison between industrial and waste treatment 
microbial reactors is summarized in Table 14P2.1. . 

(a) Comment on the characteristic similarities and differences, including when the critical design 
criteria are likely to be similar or different. 

(b) k,a has been observed to vary with (P/V)", where n = 1.33 (sewage). 0.72 (yeast broth), and 
0.5 (endomyces or mycelia fermentation), and 0.4 (hydrocarbon fermentation). Attempt to rationalize 
these exponents. How do they affect the result of part (a)? 


Table 14P2.1* 


Property Waste treatment Industrial fermentation 
——_—__. eee 
Temp, °C - 10-30 20-50 

Variation l n £5 +0.5 

Rheology — j , Newtonian Newtonian, non-Newtonian 
Viscosity variation, cp ` 1-10 . 1-1000 

Substrate concentration, g/L 0.1-5 5-40 

Loading (BOD), ppm - 100-5000 5000-40,000 

Reactor size, gal l 50,000-400,000 250-40,000 

Power per unit volume, hp/10° gal  0.05-0.5 1-20 

Growth rate, h“! = 0.05-0.1 0.1-1.0 

Loading, lb BOD/1000 ft? 10-1000 


1C. L. Cooney and D. I. C. Wang, Biotech. Bioeng. Symp. 2, p. 63, 1971. 


14.3 Bifunctionalism in bacterial synergism When two distinct species carry out distinctly different 
chemical transformations, the result may be termed bifunctionalism, by analogy with bifunctional 
catalysis involving two distinct kinds of catalytic sites, e.g., dehydrogenation and isomerization. An 
example in the microbial context is 


S. faecalis ae 
Sarel, Ornithine 


Arginine 
-` | —CO, | E. coli —CO, | E. coli 
Agmatine Putrescine 


(a) Assuming Monod forms for each of the three conversions, write down the system equations 
for a chemostat. 

(b) At low arginine levels, sketch the system outlet behavior as the dilution rate is increased 
continuously. a ae . 

(c) If max for E. coli is the same for both steps but larger than s.a, for S. faecalis, what should 
be the relative size (V,/V,) to maximize putrescine concentration in two CSTRs in series? (fixed total 
volume). Repeat for pms, (E. Coli) < pmax (S. faecalis). 


sais 


aE 
+ 
a 
3E 
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(d) What design strategy, assuming a nonsterile feed, minimizes putrescine levels? Which 
Strategy, (c) or (d), would please the neighbors? | . 
14.4 Stability of activated-sludge interactions Apply the Feinberg-Horn-Jackson analysis to the calcu- 
lated results for the activated-sludge pairwise species interactions a, b, c, and d in Fig. 14.16. Do-the 
Feinberg-Horn-Jackson predictions agree with the explicit calculations from Curds’ equations? 


145 Activated-sludge reactor The inflow to an activated sludge reactor has a.5-day BOD of 220 mg/ 


L; the outlet must be below 15 mg/L (Table 14.2). Given the following conditions, complete the 
design of an activated-sludge reactor as indicated below: l i 


Active solids concentration = 3000 mg/L 


Recycle ratio = 0.46 F =4.5 x 10° gal/day 
Y, Mmaxs Ks, ka from Table 14.4. All nutrients except BOD are in excess. 
(a) Calculate 


a (1) Sludge age. (2) reactor volume needed, (3) concentration of active solids in recirculation line, 
and (4) daily aeration rate, assuming 7.5 percent oxygen utilization. Equation (14.5) indicates that 


ik minimal V can be accomplished by increasing x,/x,. Clearly achievement of increased x, demands a 

| 3 larger secondary sedimentation unit V,. While settling of sludge is a complex process which proceeds 

E in several stages (see, for example, Ref. 16 and Chapter 11), we can approximate the return active 
: solids concentration by waar 

i Xp = ema — OM) +e Xan = Kat E = 00 

i where t( = V/F) is the mean settling time elapsed and £ the characteristic constant > 0. 


(b) Evaluate x,(optimum) if all operating costs are divided between the digester and the ‘settler, 
and the ratio of such costs (1 ft? digester/1 ft? settler) is y (1.0 < y < 10.0). (Neglect construction 
costs.) ki ae . 

14.6 Substrate and biomass structure in activated sludge design Eqs. (14.1)-(14.4) present an analysis 
of activated sludge design which lumps all substrate and biomass into a.single Monod-plus-endogen- 
ous metabolism model. R. B. Paterson and M. M. Denn (“Computer-aided Design and Control of an. 
Activated Sludge Process,” The Chem. Eng. Jl., 27: B13, 1983) presented a model in which substrates 
were carbonaceous, organic-N, and nitrite-N which were converted by,. respectively, corresponding 
carbon, organic-N, and nitrite-N biomasses (xcs Xo» Xn). Base operating plant conditions were speci- 
fied as follows: F = 2.0 x 10* m3/day, a = 0.15, B = 0.0015, sca = 16.8 mg/L (5 day BOD), Sc = 

1811 mg/L, so, = 250 mg/L, sy, = 0.5 mg/L. Data for Monod plus endogeneous metabolism kinetics: 


Sit bh WAS OEP N AS i AELE P LSI ES ET BES Se a š 


| [4mas(day~ *), ke (day~*), K (mg/L), Y (g/g)] = carbonaceous['5.0, 0.055, 100, 0.5], . 
Io ` Nitrosomonas [0.33, 0.05, 1.0, 0.05]: 
! Nitrobacter [0.80, 0.05, 2.1, 0.02}. 


4 (a) Calculate the sludge age, (J for the carbonaceous biomass. 
; (b) The secondary sedimentation unit is presumably equally selective on all biomass. Thus 9, is 
the same for all conversions. Calculate the exit level concentrations for organic-N (Soa) and nitrite-N 
(Sna). 

(c) Calculate Vx and V from the data. for carbonaceous biomass. Would calculation of V from 
similar data for the other biomass components give different V values? Why (not)? For the calcula- 


> tion, secondary sedimentation performance must be known. Plot your results as V (calc.) vs. (x,/Xa) 
Ho for the range 100 < (x,/x,) < 1000. ' 


14.7 Activated sludge plant controllability The ease of control of a waste treatment plant depends on 
the control objectives, the control and system dynamics, and the interactions between control: objec- 
tives which may not be compatible. For example, sludge plant control may have as objectives (1). 
o small variation in MLVSS [Eq. (14.8)] in the reactor and (2) maintenance of a relatively constant 
if height of sludge “blanket” in the secondary clarifier (Fig. 14.10). l 
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(a) Read the analysis of Paterson and Denn (see previous problem) and summarize the control 
strategies tested and the author’s conclusions. Why are these two objectives “incompatible”? 

(b) The first control objective was maintenance of an approximately constant MLVSS level, yet 
the economic analysis (same paper) based on steady-state operation found a very broad economic 
insensitivity to MLVSS variation. What important lesson for the engineer is apparent from these 
conclusions? 

148 Two-tank anaerobic digestor Pohland and Ghosh [13] discuss the interaction between acid 
formers and methane formers in anaerobic digestors: which is conceptually similar to that of Prob. 
13.5. The detailed stoichiometry proposed is 


Acid formation: 


4C3;H,O,NS + 8H,O ———> 4CH,COOH + 4CO, + 4NH, + 4H,S + 8H* + 8e7 


Methane formation: 
8H* + 8e~ + 3CH;COOH + CO, ———> 4CH, + 3CO,+2H,0 


. These workers suggest the possibility of an easier environmental control for the methane formers if 
two tanks in series are used. The growth parameters measured on a glucose (2 g/L) feed to the first 
reactor were: 


Acid formers: Hmax(glucose) = = 1. 25 h`! K, = 22.5 mg glucose/L Y,=0.2 
Methane formers: Maa acid) = 0. 14 h`? K, = 600 mg acetic jia Y, = 0.05 


The glucose to sieti acid yield factor was 0.8, the inhibition constant for asia formers was 100 mg 
acetic acid/L, and endogeneous metabolism effects were negligible. 

(a) Taking the. kinetic forms for the two species to be those suggested in Prob. 13.5b, write out 
the steady-state equations governing two tanks. 

(b) Prove that; dor dilution rates in the first tank in excess of 0.14 h~t, the methane formers are 
washed out. What $ ges this imply about using separate tanks to (largely) separate species in a food 
chain? 

(c) Suppose the ‘flow rate is greater than 0.14 h~'. Solve for the outlet conditions in the first and 
second tanks when V, = V, and when V, = 5V, and sketch the outlet waste concentration (uncon- 


verted substrate) as a function of D. What trade-off is apparent in using increased D to favor species - 


separation? 

(d) In actual waste-treatment processes, settled cells and unconverted solid wastes would be 
recycled from each reactor exit to a settler-separator back to the same reactor inlet. Write out the 
substrates and species balances for such a two-tank system. 

14.9 Anaerobic digester contro] Write out appropriate equations to describe anaerobic digester dy- 
namics when (a) organism recycle or (b) flow reduction (increase) is used as the control method. 
Include a dynamic equation for the appropriate control variable, stating your rationale for its form. 


14.10 Predator-prey kinetics A generalized predator-prey model formulated by Rozenweig and 
MacArthur [17] can be cast in the form 


dx dy f 
ee =f- y) =T + kyla) 


where x and y are prey and predator densities, respectively. 
(a) Compare this form with that of Lotka-Volterra [Eqs. (13. 9), and (13. 10), and list as many 
physical or biological circumstances as you can conceive where the forms of $(x) and f(x) would 


differ from those implied by the Lotka-Volterra model. Be specific. What is the meaning of (x)? Of — 


I(x)? 


He A RFE OPPO Ee ee E E O a 
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(b) In experiments with the predator-prey system, Paramecium and Didinium, some 
of Luckinbill are described by Smith (Ref. 34 of Chapter 13, p. 33): (in each case, th, 
densities for prey never approached their self-limiting density): fs 


1. “... there is first a rapid increase of prey, followed by an increase in the predators, which capture 
all the prey and then starve.” es : 

2. “Prolonged coexistence was achieved by adding methyl cellulose to the medium, this renders thè 
medium viscous and slows down the swimming of both species. However, there was still an 
oscillation of increased amplitude, ending in the extinction of the predator.” ay 

| 3. “Persistent coexistence was achieved by adding methyl cellulose and at the same time halving the 
concentration of food for the prey species.” — 


Rationalize these observations. What further experiments would you perform to confirm or disprove 
any assumptions which you have made? 


14.11 Nitrification in soil McLaren-[14] has suggested that a first approximation to nitrification by 
soil microbes is given by considering a serial reaction: 


ea ae RENOIR ata lan ET dh ay 


kı - kz - z 
NH; ——— NO; .—— NO; | 
In laboratory soil-enrichment cultures, the first and second conversions can each be associated with a 
single species, Nitrosomonas and Nitrobacter, respectively. 

(a) At steady state, suppose that maintenance and cell replacement consume these nutrients by - 
reactions which are zero order in NH} and NO} with the rate constants kı, k, above proportional 
to local microbial concentrations. If the respective biomass concentrations Xi» X2 are independent of 
depth z, evaluate the vertical concentration profiles of NHj, NO,, and NO; [normalized to NHj | 
(z = 0)] if the downward fluid velocity is u and ion-exchange effects of nutrients with the soil:are 
neglected. Plot the results for the cases k,/k, = 0.1, 1.0, 10.0 using dimensionless distance (zk,/u). 
Include the two situations: (1) nitrogen uptake for new cellular material can be neglected; (2) a 
separate zero-order reaction with rate constant Bx, or Bx., respectively, allows for NH? utilization 
by each species for maintenance and replacement. 

(b) If NH{ is indeed the limiting nutrient for Nitrosomonas maintenance and replacement, 
: evaluate from part (a) the dimensionless depth at which the assumption of x, = const everywhere - 
l H i fails. Experimentally, the NH{ oxidizer profile has been measured in one instance to have the follow- 

a ing values: 2 x 10°/cm? (surface water), 2 x 10° per gram of soil (0 to 1 cm depth), 2 x 10° per gram 
of soil (1 to 3 cm depth), 2 x 10? per gram of soil (3 to 5.cm depth) [1, and references therein]. 

(c) The assumption of constant biomass level is an obvious convenience. Show that the model 
above does not allow determination of depth variations of x, and x). ee oe ee 

(d) Discuss how you would devise a model for unambiguous prediction of Nitrosomonas and 
Nitrobacter profiles, keeping in mind the previous chapter and a quotation from 1923: ` 


w w 


[It] is shown that soil is normally inhabited by a very mixed population of organisms, varying 
in size from the smallest bacteria up to nematodes and others just visible to the unaided eye, on 
to larger animals, and finally earthworms, which can be readily seen and handled. These organ- 

i z isms all live in the soil, and therefore must find in it the conditions necessary for their growth 
14.12 Aerobic pipeline reactors “Sewerage systems of many cities comprise both pressure and gravity 
lines. It has been suggested that these lines may be used as aerobic biological reactors to reduce the 
biochemical oxygen demand (BOD) on treatment facilities” (C. M. Koch and I. Zandi, “Use of 
Pipelines as Aerobic Biological Reactors,” J. Water Pollut. Control F. ed., 45, 2537, 1973). ao 

(a) Considering the moving liquid phase only, Powell and Lowe derive the result for a plug-flow 

7 A tubular reactor: ar cael o a: a hoes: 
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where co = dimensionless substrate level at time 0 (entrance) 
_ 6 = dimensionless substrate level at time t (exit) 
YHOo+Xo 
Xo = dimensionless entering cell concentration 
Hmax = Maximum specific growth rate 
~- t = detention time 


Find the assumed growth law and carefully define each variable in terms of dimensional variables. 

(b) Koch and Zandi suggest that an aerobic pipeline reactor may be described as a two-phase 
flowing system with initial air- and liquid-phase (slurry) volumetric flow rates of Q, and Q,. Assuming 
(1) gas and liquid phases to each be in plug flow with identical velocities and (2) d(total pressure)/ 
dz = À = const, where z = distance in pipeline, write out the two equations describing variation of 
oxygen concentrations with distance. [Assume that the slurry-phase oxygen consumption rate is 
linear in cell density, i.e., that the dissolved oxygen level co, is always > c„ (Table 8.2).] State any 
- assumptions. l 

(c) Integrate these equations to find the length of pipeline reactor at which Co = Cer, that is, the 
point at which the gas phase should be replenished to maintain aerobic microbial activity. Take 
Q, = Sft*/s, Q, = 500 ft3/s, xo = 10 mg/L, pipe ID = 120 in, initial co, = 8 mg/L, c = 0.5 mg/L, sọ = 
initial BOD = 150 mg O,/L, T = 300 K, K, = 100 mg O,/L, mar = 0.3/h, F, = 0.42 cell/g BOD, re- 
spiration rate = 0.375g O,/(h-g cells), kıa = 0.4/min, H = 4 x 10* atm/mol fraction, 4 = 0.005 ft 
water pressure/ft pipe. 
14.13 Oscillatory feed In waste-treatment plants, the feed rate may be periodic with a period length 
of hours to days. Using the Monod equation for single-substrate limitation, and taking s, = const 
and D = D,(1 + asin wt), « > 0: 

(a) Show that if x and its derivatives are periodic in time, 


2R1 è hima S(t’) ee i 
f tae ~ Deena =0 


The solution x(t’) = 0 for all r’ is the washout result. Indicate the behavior of the quantity in brackets 
within the integral when a nontrivial solution exists, that is, x(t) > 0 for 0 < £ < 2r/w. 

(b) If s; > K and a is small, near the washout region s(t’) will always be close to s y- Under this 
condition, show thatthe nontrivial solution requires Dy = Hma, and that the variation of x for 0 < 
t < 2n/w is given by 


Da 
x = x(0) exp E (1 — cos wo | 


(c) If s; < K, indicate explicitly what equations would have to be solved (by computer) in order 
to find x(t) for the nontrivial case. 


14.14 Detergent biodegradation Final biodegradation of long-lived substrates such as a number of 
detergent molecules appears to occur under substrate-limited conditions, thus the cell growth rate is 
linear in substrate, and the cell disappearance rate due to maintenance and death is appreciable. 
Under this circumstance, C. H. Wayman (Prog. Ind. Microbiol., 10: 219, 1971) proposed a relation 
between biomass x and detergent substrate s to be 


dx 5 y8 
Fa ae a 


where R = respiration rate for no growth, that is, s(no growth) = R/p,,. 


(a) Obtain the explicit solution s = f(x) from the second equality. 
(b) Using the approximation that ff x dt ~ xt'/2 if t' represents the time at which x has achieved 
its maximum value, show that the biomass term x now follows Bernoulli’s equation: 


dx 
ape $x = bax" 


ine hy a el 


—_ a ra 


MIXED MICROBIAL POPULATIONS IN APPLICATIONS AND NATURAL SYSTEMS 963 


(c) By the change of variable y = t/x, obtain a solution for x valid for a time period just 
somewhat beyond t’. [The solution becomes less accurate at longer times since the error in the 
approximation grows, but since the time (place) until nearly total substrate consumption has oc- 
curred is of main interest. this restriction seems less important. } 

(d) Plot the shape of s for the case t ~ 1 when ¢,/¢, = 0.1, 1.0, 1.0. How important are main- 
tenance kinetics when slowly metabolized substrates are of interest? 


14.15 Ultraviolet sterilizers In homes utilizing well water, microorganism contaminants may be re- 
duced by UV irradiation accomplished by a bank of UV lamps arranged in hexagonal fashion 
parallel to a glass section of water pipe. Suppose the microbes die according to a first-order rate law. 
the rate “constant” being proportional to the local UV intensity I, Assume that the UV illumina- 
tion is radially symmetric, and that the UV intensity varies radially according to Beer’s law (I(r) = 
I(R)e~*8-" where R = inner glass tube radius. 

(a) For laminar flow, u = u,,,,(1 — (r/R)*). For a ‘tube of length L, evaluate the ratio of viable 
organisms averaged over the entire exit section. What exit average is most meaningful? 

(b) Repeat (a) for turbulent flow in the same tube (assume L/D> > 1). 

(c) If the drinking water standard is ¢ viable organisms per liter, what is the upper limit of 
contamination of inlet water for laminar flow? For turbulent flow? : 

(d) Evaluate Re,,,. for 4-in diameter pipe under expected volumetric flow rates in your resi- 
dence. 


Pipe 
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common applications, tables, 158, 164 


production, 164 z 
Amyloglucosidase, 158, 163 


INDEX 


966 INDEX 


Amylopectin, structure, 37 
Amylose, structure, 37 
Anaerobic denitrification, 957 o 
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off-line, 674-684 
on-line, 670-674 
Anchorage dependence, 22 
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encapsulated, 634 
fluidized bed culture, 650-652 
growth rates, 636 
high surface area supports for, 637 
medium for, 631-633 
microcarrier inhibition of, 652 
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oxygen uptake rates, 636 . 
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scale-up, 638 
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Antimetabolites, 339 
Apoenzyme, 89, 110 
Aporepressor, 320 
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Aseptic, 622 
Aspartame (L-aspartyl-L-methionine), 
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Aspergillus, 19 
niger, 19 l l 
biomass influence on mass transfer, 506 
B-galactosidase production by, 705-707 
iron vs. citric acid yield, table, 277 
ATP: . 
determination of cellular, 680 
energy charge, 271 
free energy of hydrolysis, 44, 235-237 
functions, 44, 230 | 
in macromolecular synthesis, 261 
in metabolic reactions, 235-237 
production and diffusion, 367 l 
regeneration, 302 
structure, 45 
Vyield coefficient, growth, 288-289 
ATPase, 107 
Autocatalysis, 172, 222-223 
Autotrophs, 231 
Auxotrophic mutants, 336-339, 824 
Axial dispersion coefficient, 569 y” 
Azotobacter vinelandii, 869-870, 881, 883 


B cells, 76 
Bacillus, 14, 16 


- B. sterothermophilus, spores, inactivation of, 442 


B. subtilis, 5, 227 
host for recombinant DNA, 354 
in mixed culture, 869-870 
spores, inactivation of, 442 
Bacitracin, 740 
Bacteria: 
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aerobic, 16 
anaerobic, 16 
characteristics, 13-16 
composition of E. coli, elemental, 28 
molecular, 78 
endospores in, 14-16 
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forms (bacilli, cocci, spirilli), 13 
gram reaction, 16 
lactic acid, 15 
major groups of, 14-15 
predation by protozoa, 871-873 
vegetative form, 16 
Bacteriophage, 51, 327-330 
and cosmids, 346 
deactivation of, 441 
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(See also Phage) 
Baker’s yeast, 18, 361 
Balanced growth, 382 
Bartholomew, 804-814 


Base analogs, 324 
Base pairs, 48 
Beer, 830-831 . 
Belousov-Zhabotinskii reaction. 893 
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Bifurcation, 892 
Bingham fluid, 501-502 
Biochemical engineering, 1 l 
Biochemical oxygen demand (BOD), 923, 
938-939 
Biochemicals, 27-89 
Bioconversion (see Biotransformation) 
Biohazardous compounds, production of, 851 
Biomass, 373 
turbidimetry, 660 
Biophysics, 3 
Bioprocess economics, 798-853 
anaerobic methane, 847-849 
biohazardous compounds, 851 
bioprocess example, 804-815 
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material costs, 806-809 
production costs, 806, 812-813 
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enzymes, 816 
monoclonal antibodies, 826-827 
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; 822-826 
general remarks, 802-804 
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Biopolymers (see Polymers) 
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of macromolecules, 261-262 
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BOD (see Biochemical oxygen demand) 
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Brewer’s yeast (see Saccharomyces cerevisiae) 
Brewing economics, 830-831 
Brinkman number, 518 
Bubble column, 610-614 
Bubble diameter: 
correlation for agitated vessel, 480, 487- 488 
critical, 478 
flotation, 736 
and hold-up, interfacial area, 482 
maximum, 487-488 
Sauter mean, 482, 487-488 
Büchner, E., 86 
Buckingham pi theorem, 527 
Bulking, 929 


Calderbank, 475, 486 
Calvin cycle, 260 
Camp number, 751 
Candida lipolytica: 
hydrocarbon utilization by, 607- 608 
metabolic model, 450-451 
C. petrophilium, 507-508 
C. utilis, 672-673 
Capital equipment, costs of, 805, 810-811 
Carbohydrates, 34-42 
Carbon cycle, 914 
Carbon dioxide: . 
absorption, 465-467, 496 
aqueous reaction equilibria, 466 
Carboxypeptidase A, 107 
B-Carotene, 905 
Casson equation, 501-502 
modified, 503 
Catabolic repression, 321 
Catabolism, 239, 244 
Catalase, 90 
Catalysts, 86, 88, 91 
(See also Enzyme) 
Cell(s): 
age, 358 
distribution, 438-440 
animal, 22-23, 630-641 
anchorage dependence, 22, 637 
primary, 22 
permanent, 22 
standard lines, 23 
chemotrophic, 230 
classification by carbon and energy source, 
232 
eucaryotic (see Eucaryotes) 
facultative anaerobes, 230 
identification and classification, microbial, 25 
lithotrophs, 230 
obligate aerobes, 230 


968 INDEX 


Cell(s): A 
obligate anaerobes, 230 
organotrophs, 230 
phototrophic, 230 
plant, 22 
callus, 22 
. procaryotes (see Procaryotes) 
strict anaerobes, 230 _ 
Cell composition, elemental, 28, 282 
Cell culture, 373-445 i 
Cell cycle(s): 
E. coli, 360 
eucaryotic, 361-364 
S. cerevisiae, 363 
Cell disruption, 791 
Cell fractionation, 9-12 
Cell fusion, 332-334 
Cell membrane (see Plasma membrane) 
Cell metabolism and energetics, 228-306 
‘concentration of intermediates, 242 
Cell plating, 25 
Cell size, 4, 6 
variation in cell cycle, 402 
Cell structure, 3-12 
Cell theory, 3-9 
Cell transport mechanisms, 262-269 
active transport, 265-269 
facilitated transport, 263-265 
passive diffusion, 263-265 
Cell viability, 439-444 
Cell wall, $; 
components, 70-74 
Cellobiose,.38 
Cellulase(s), 165-166 
Cellulose, 38-39 
amorphous, crystalline, 39-40 
hydrolysis of, 165-172 
crystallinity index, 167, 171 
influence of crystallinity, 169-172 
kinetics of, 169-172, 223 
Cellulosics (cellulose, hemicellulose, lignins), 
38-42 
for fuel ethanol, 833 
. Centrifugal acceleration number, 736 
Centrifugal extractor, 739 
Centrifugation, 730 
Centrifuge, 729 
analysis of, 9-11, 25 
continuous, 733-734 
decanter, 733-735 
separations, table, 736 
scroll, 733-735 
types, table, 735 


Cephalosporins, 819-820 
Cephalosporin C, production kinetic model for, 
434-438 
Chance, B., 111 
Cheese, 905-906 | l 
Chemicals, microbial production of, 828 
Chemical oxygen demand, 924 
Chemiosmotic theory, 267 
Chemoautotroph, 233 
Chemoheterotroph, 233 
Chemostat, 380-381 
mixed cultures, 930-931 
Monod model of, 385-386, 548-549, 
930-931 
sewage, 930 
single species, 380-381 
stability, 549 
Chemotaxis, bacterial, 896, 899 
Chemotrophs, 231 
Chloramphenicol, 822 
Chlorination, kinetics of cell death or spore 
deactivation, 448-449. 
Chlorophyll, 251 
Chloroplasts, 7, 251-252 
Cholesterol, 34 fas 
Chromatography, 753-764- 
affinity, 758-764 
analysis of, 754-756 
in analysis, 675 
gel, 756-759 
high performance liquid (HPLC), 675 
immunosorbent, 760-764 
ion-exchange, 755, 757-758 
molecular sieve, 756-759 
Chromosome, 51, 322 
histones in, 51 
Chymotrypsin, 94, 107 
Citric acid, 277, 835 
recovery process, 785 
Citric acid cycle (see TCA cycle) 
Claviceps, 823 
C. purpurea: 
batch alkaloid production by, 427-429 
kinetic model, 427-429 
Clinical trials, 801 
Cloning, 340-341 
Clostridium, 14, 16 
C. acetobutylicum: 
amylases from, 164 
analysis of key enzymes in, 678-679 
immobilized, 603-604 
COD (see Chemical oxygen demand) 
Codon, 309 a, 
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Coenzymes, 45-46, 89-90, 110 
nucleotide derivatives, 45-46 
Coexistence, 884, 899 
Cofactor (see Enzyme, cofactor) 
Collagen, 63 - 
Colpoda steinii, 877 
Combined operations, 770-775 
Commensalism, 856-859, 863 
Community matrix, 860-863 
Competition, 855, 864-871, 896-897 
Competitive exclusion, 865-866 
Complex, 886 
Computers and interfaces, 684-693 - 
digital computers, 685-687 
interfaces, 687-691 
monitoring, schematic, 690 
software; 691-693 
Concentration polarization, 766 © 
Conjugation, 332 
Contact stabilization process, 927-928, 933 


Continuous culture: relation to batch culture, 


646 
(See also Chemostat, and Reri 
Control: 
of anaerobic digesters, 954-956, 959- 560 
of bioreactor, 698-725 
direct regulatory, 698-700 
cascade, 700-703 
feed forward, 721 
optimal, 705-710 
of pH, 718-719 
strategies, 703-717 
programmed batch, 704-710 
design and operation, 711-713 
continuous control, 713-717 
Cortisone, 824 
Corynebacterium, 14 
glutamicum, 336 
auxotrophic mutants of, 337-338 
Costs, operating: 
of agitation (O, transfer), 517 
pf heat transfer; 517 
for various substrates, 517 
Coulter counter, 681 
Crabtree effect, 702 
Critical oxygen level, 468 
CSTR (see Reactors, continuous flow) 
Cultivation: 
batch, 378-379 
modeling of (see Reactors) 
continuous, 380-381) 
(See also Chemostat) 
Curd’s activated sludge model, 934-938 
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Cybernetic model (see Cell growth) 
Cycles, natural: 

carbon, 914 

nitrogen, 915 

sulfur, 916 
Cyclic batch operation, 650 _ 
Cytochromes, 248-249 
Cytoplasm, 6 , 
Cytosine, 43-44 


Damk6hler number, 205, 207-208 
in enzyme kinetics, 205, 207-208 
in continuous sterilization, 593 
Dark reactions, 260 
Darwin, 864 
Data analysis, 693-698 
smoothing and interpolation, 693- 695 
state and parameter estimation, 695-698 
Death phase (see Chlorination; Growth phases: 
Thermal inactivation) 
Degree of reductance, 288 
Denitrification, 957 ; 
Deoxyribonucleic acid (see DNA) 
Deoxyribonucleotides, 43 
Deoxyribose, 36 
Dextran, 741 i 
-polyethylene glycol phase diagram, 742 . 
recovery, 783 > 
Dextrins, -38 
Dewatering, 736-738 
Dialysis, 724 
Diaminopicolenic acid, 905 
Diastase [see Amylase(s)] 
Diatoms, 21 
Diagnostic, medical: 5 
with immobilized enzymes, 194 
with monoclonal antibodies, 826-827 
Diauxic growth, 420-421 
Dictyostelium discoideum, 877-878 
Diffusion coefficients: 
in porous materials, effective, 209 
in microbial, films, table, 499 
effect of C/N ratio, 499 
in microbial, flocs, 208- 216 
in protein solutions, 523 
Wilke-Chang equation for, 498 
Diffusion-limited regime, 205 
Digestion: 
anaerobic, 943-956, 960 
of insoluble substrates, enzymic, 150-152, 
165-172 ` 
Digitalis, 641 


Dilatant fluid, 501 
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- Dilution rate, 381 
Dimension, 887 > 
imensionless groups: 
free convection Mass transfer, 473 
forced convection mass transfer, 485 
heat transfer, 518 
Power consumption, 505 
Diploid, 18, 322 
Dispersion model, 569-572. 
Distillation, 729 
for fuel alcohol, 834, 836-837 
DNA, 42-53 
annealing, 51, 342-343 
cloned, characterization methods for, 
346-349 
hybridization, 51 
melting, 50-5] 
melting temperature, 50-51 i 
mononucleotide structures, 43 
mutation, 322-327 . > 
polarity, 47 i 
recombinant, 340-357 
replication, 49, 321-327 
Tates, 370 
sequencing, 351 
structure, 47-50 
template, 49 
DNA ligase, 321, 342 
DNA polymerase, 321, 334 
Dynamic pressure, 478 


Eadie-Hofstee plot, 106 
Economits (see Bioprocess economics) 
Effectiveness factor: 
for immobilized cells, 609-610 
for immobilized enzyme reactions, 187, 
206-220 
Eigen, M., 111 
Electrodes: 
dissolved CO,, 666 
dissolved Oxygen, 661-664 
ion specific, 675 ` 
PH, 662 
Electrodialysis, 729 2. 
Electrokinetic deposition, 737 
Electron transport, 252 
Electrophoresis, 678, 770-771 
ELISA, 680 
Embden-Meyerhof-Parnas pathway, 239-24] 
Concentrations of intermediates, 242 
Tegulation by ATP/ADP/AMP, 272 
Sugar fermentations through, 275 
EMP (see Embden-Meyerhof- 


Parnas pathway) 
Endogenous Metabolism, 388 


Endoplasmic reticulum, 6 
Endospores, 16 
Energy charge, 271 
Entner-Doudoroff pathway, 243 l 
Environmental Protection Agency, 801 
Enzyme: l 
activation, 28, 108-111, 155 
active site, 89, 92-97 
allosteric control of, 123-124 
applications, 157-226 
binding site, 92 
“cofactor, 90 
Constitutive, 319 
deactivation, 135-146, 154 
mechanisms, 136 
kinetic models, 136 
denaturants, table, 138-139 
denaturation, 136-146 
energy and entropy of, table, 140 
extracellular, 161 i 
function, 28, 88-90 ; 
hydrolytic applications, 161-177 
immobilization methods, 181-189 
compared, table, 188 
immobilized, 180-222 
Johan regeneration, 199-202 
effect of inhibitors, T, pH, 220-222 
estimated diffusion and kinetic parameters. 
216-217 
industrial processes with, 189-194, 
648 
Kinetics of, 202-222 
medical and analytic uses, 194-199 
process costs of, 850-851 
inducible, 319 
induction, 317 
inhibition, 115-127 
intracellular, 161 
medical applications, 177-179 
mixtures, applications of, 176 
nomenclature, 87-90 
pectic, 176 
Production: 
«-galactosidase, 578-586 
B-galactosidase, 705-707 
Proteolytic, applications of, 173-174 
repression, 317 
resolution of optical isomers, 
195-196 
restriction endonucleases, 342 
specificity, 89 
Stabilization of, 146-148 
substrate complex, 90 
substrate analogs, 122-123 
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Enzyme activity: - me 
fluid forces, effect on, 144-146 ` 
heterogeneous substrates, 148-152 
versus nonbiological catalysts, 91 
pH, effect of, 129-132, 154 
on immobilization, 183-185 
Michaelis pH functions, 131 
temperature, effect of, 129, 132-135 
(See also Enzyme kinetics) 
Enzyme isolation techniques 
adsorption, 741-745 
chromatography, 753-764 
commercial processes, 746-747 
denaturation, 749 
dialysis, 749 
electrophoresis, 770-771 
extraction, 744 - 
precipitation, 745-753 
procedure example, 749 - 
salting out, 747 
ultrafiltration, 729, 767-769 
Enzyme kinetics, 95-146, 204-225 
activation, 115-116 
Briggs-Haldane, 102-103 
deactivation, 135-146 
dual substrates, 108-111 
elementary rate constants, 111-114 
table of, 113 
feedback inhibition, 121 
heterogeneous substrate, 115-116, 120, 222 
immobilized: 
external mass transfer, 204-208, 223 
internal diffusion/reaction, 208-218, 224 
simultaneous resistances, 218-220, 225 
initial rate method, 97 : 
inhibition, competitive and noncompetitive, 
121-122 
parameter evaluation, table, 127 
substrate, 115-116, 120 
lumping in, 119-120 
microencapsulated, 225 
Michaelis-Menten equation, 100-102 
parameter evaluation, 105-108, 152-153 
parameter values, table, 107 
modulation, 120-129 - 
multiple substrates, 116-120, 153, 223 
quasi-steady state approximation, 95, 
102-103 
pre-steady-state, 111 
relaxation, 111-114, 153 
reversible, 154 
in immobilized enzymes, 224 
in ultrafiltration reactor, 225-226 
units, 99 
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Enzyme-linked immunoassay (ELISA), 680 

Enzyme market, 816 

Enzyme production (see Enzyme, production) l 

EPA (see Environmental Protection M 
Agency) l 


'Episomes, 331 


Equipment, costs, 802-804 ` 
Erythromycin, 740 
Escherichia coli: 
biosynthetic activity, table, 269 
auxotroph, 905 l 
cell cycle, 360 l 
chlorination, 447-448 
conjugation, 332 
critical oxygen level, 468 
diauxic growth, 396, 447 
expression in: — — 
kinetic model for, 429 
of eucaryotic genes, 349-353 
host for recombinant DNA, 340 l 
in interacting populations, 864-865, 869-870, 
877-878, 883 > 
lac promoter-operator in, 430 
major metabolic pathways in, 229 
pyruvate oscillation in, 549 ` 
recovery of rDNA products, 778, 781-782, 
816-818 
refractile bodies in recombinant, 352- 
structured kinetic model for, 416-418 
temperature, effect of, 393,447 — 
thermal death, 442 
Esterases, 175-176 
Ethanol recovery: 
energy costs, 787 
process economics, 831-835 
via azeotropic distillation, 786 . 
Eucaryotes, 6-8 
cell cycle, 361-364 
Eutrophication, 919 
Exons, 315 


Exponential growth (see Growth phases) 


Extraction, 738-741 
aqueous two-phase, 741 
solvent, 739-741 


A factor, 331 


FAD, 248 


FADH,, 248 


Fat(s), 30-31 
(See also Lipids) 
Fatty acids, 29-30 
FDA (see Food and Drug RETN 


senber Hom Jackson reaction, network treat- 


—ment, 885-888, 898 
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Fermentation patterns (see Kinetics, and Pro- 
duct formation) 
Fermentation technology, 620-630, 726- 797, 
816-853 
aseptic operation, 622-626 
biomass harvesting, 728-736, 786-788 
brewing, 830-831 l . 
medium formulation, 620-622 
product recovery, 726-797 ; 
temperature programming, 705-710 
Fermentations: 
aerobic, 702 
alcoholic, 830-831 
for amino acids, 839-843 
for antibiotics, 705-710 
brewing, 830-831 
dual, 905 
general process flowsheet, 802 
homolactic, 274-275 
of hydrocarbons, 507-509, 607-608 
mixed acid, 275 
for organic acids, 835-839 l 
for oxidative transformations, 827-839 
for single-cell protein, 507-508, 607-608, 
839-847, 907-908 
for steroid transformations, 822-826 
for vitamins, 822-826 
of whey, 649 
winemaking, 830-831 
Fermentor(s) (See also Reactors) 
z aerobic design schematic, 624 
F ertilityfactor (see F factor) 
Fi ilamentous microorganisms 
growth of, 406-407 
Structure, 18-19 
(See also Morphology) 
Films, microbial: 
diffusion in, 499 | 
_ (See also Diffusion coefficients) 
effect on mixing, 540-541 
growth, 540-541 
mixed populations in, 940-943 
vinegar manufacture, 835-843 
waste treatment, 940-943 
Filter aid, 730 _ 
Filter, cross-flow, 732-733 
rotary-drum vacuum, 731 
trickling, 617-619 
Filtration air and liquid sterilization, 522-523 
analysis of, 731-732 . 
of microbial fluids, 730-733 
PH influence on, 732 
probe for biomass, 681 
Totary vacuum, 730-732 
temperature pretreatment for, 732 


Fine chemicals, economics of, 815-827 
Flavin adenine dinucleotide (see FAD) 
Floc, 926 
Flotation, 736 
Flow cytometry, 358-359, 682- 684 
apparatus, 683 
PHB determination, 682 
plasmid content by, 682 
Fluidized reactors: 
biological, 614-617 
enzyme, 647 
Fluorescence, 682 
Foam: 
control, 660 
detection, 660 
Focus, 863 
Food and Drug Administration, 801 
Food chain, 883 
in activated sludge, 934 
Food web, 883, 889-892 
qualitative stability, 889-890 
Forced convection, 484-494 
Fractionation: 
foam and bubble, 729 
precipitative, 747 
Fredrickson, A. G., 877, 879 
Free energy in metabolic paths, 233- 236, 301 
Froth flotation, 737 
Froude number: 
bubble variables, 477 
in heat transfer, 518 
impeller variables, 485 
D-Fructose, 35, 36 
Fuel alcohol, economics, 831-838 
operating costs, 838 
Fungi, 12 
(See also Molds: penicillin; Yeast) 
Fusion (see Cell fusion) 


a-Galactosidase, 578-586, 705 
B-Galactosidases, 162, 705-707 
Galactoside permease, 320 
Gas analysis, 669-670 
Gas-lift column (see Reactors, airlift) 
Gas-liquid: contacting configurations, 461-462 
interfacial areas, 464, 482 - 
mass transfer, 457-512 
Gene(s), 52, 308, 349 
chemically synthesized, 350 
expression of, 308-316 
kinetic model for, 429-432 
eucaryotic, into E. coli, 349-353 
- libraries, 346 
split, 314-3157 > 
Structure, 313 
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Genetic code, 308, 310 .- - 
table, 311 
Genetic engineering, 340 
E. coli vs. other hosts, 353 
Genetic instability: 
-segregational, 353 
structural, 353 
Genetic map, 333 
Genetic structure (in kinetics), 431 
Genetics, 308 
` Genotype, 317 
o Genus, 13 
| - . Glucoamylase (see Amyloglucosidase) 
f Gluconobacter, 275 , 
D-Glucose 
biosynthesis, 259-261 
Calvin cycle, 260 
structure, 34-35 
Glucose oxidase, 179 
a-Glucosidase (maltase), 162 
B-Glucosidase (cellobiase), 162. 
L-Glutamate, 653, 823,-839 
Glycogen: biosynthesis, 262 
Glycolysis: (See also Fermentation, homo- 
lactic) 
Glycoproteins, 74 
(See also Antibodies) 


947-956 
Gram reaction, 16 
Grashof number: 
in heat transfer, 520 
in mass transfer, 473 
. Growth-associated product kinetics. 


batch, 394-403 

death, 394, 395, 401 

- exponential, 394, 395, 397-398 

‘of filamentous organisms, 405-408 
influence of toxin production, 398-399 
ag, 394, 395-397, 452 

in S. cerevisiae, model, 415-416 
‘stationary, 394, 395, 400-401 

wth, of precipitates, 751 

owth-rate limiting compound, 281 
‘owth-rate equations: 

alanced growth, 382-383 

ybernetic model, 418-423. 

eath, 401 l 

t of toxin, 398-400 

nential, 397-398 

filamentous organisms, 406-407 . 
stic, 404 


Graef-Andrews, anaerobic digestion model 
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Growth-rate equations: ; 
metabolic model, 413-415 ` 
for S. cerevisiae, 415 
Monod model, 383-388 
with maintenance, 388-392 
other forms; 391-392 ~ 
Segregated, 438-440 
Structured, 408-421 | 
temperature effects, 447 - 
unstructured, 403-408 _ 
Williams model, 410-411, 453 
(See also Kinetics) 
Growth rate, specific, 382 
Growth, single-cell, 357-359 
Guanine, 43 
Gurtin, M. E., 894 


Haploid, 18, 322 
Heat of combustion: 
of microbes, 292, 294 
of substrate(s), 292, 294 
Heat generation: `- 
coefficient, 512 ee 
in energy balance, 515- si 16 , 
by microbial metabolism, 292-397 - 
by power input, 515-516 - 2 


_ Heat transfer, 512-522 


cost of, 517. l i 
in liquid sterilization, 586-595 ` 
Heat-transfer coefficients: v” g 
correlations, 517-522 © 
table, 514 
Hemicellulose, 39 
Henn, V. C. R., 100 
Henry's law, 463 
Heterotrophs, 231 
Hexose monophosphate pathway; 690-691 
Hofmeister series, 747 
Holdup: 
correlations, 482-484 
relation to interfacial area, 482 
Holoenzyme, 89 
Homogenizer, 791 
Hopf bifurcation, 892 
Hormones, 33 
human growth, recovery of, 781 
Horn (see Feinberg-Horn-Jackson reaction net- ` 
work treatment) 
Host, 340, 353 
E. coli, 340-353 
B. subtilis, 353 
S. cerevisiae, 354-355 
Humus, 915, 941 
Hurwitz criterion, 548 
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Hybridoma, 333 
for monoclonal antibody Production, 
638-640, 826-827 
Hydraulic radius, 496 
Hydrocarbon fermentation (see Fermentations, 
of hydrocarbons) 
Hydrocarbon substrates, 607-608 
Hydrolases, table, 162 
(Poly)-B-hydroxybutyric acid (PHB), 34 
Hysteresis 
in chemostat operation, 581 
Hyphae, 19 . 
Hyphomicrobium, 907-910 


Immunoglobulins, 75-76 
Immunology, 74 
Immunosorbents (see Chromatography) 
Imperfect mixing, 551-560 
Inducers: in medium formulation, 335 
Induction, 317 
Information flow in cell, 326 
Inhibition (see Enzyme, kinetics) 
Inoculation, aseptic, 623 l 
Inoculum, 622-623 
Instrumentation, 658-725 
bioreactor schematic, 660 
Insulin, posttranslational Modifications, 318 
production via rDNA: 
costs, 816-817 
recovery, 781 l 
Interacting populations, 854-901 
(See also Mixed cultures) 
3 = 
Interfacial area m 
of bubbles, 476-484. 
of hydrocarbon emulsion, 607-608 
per liquid volume, a’, 464 
per total volume, a, 482 
Internal age distribution, 557 
Introns, 315 
Interferon, 
fibroblast, 341 
recovery process, 781 
Invert sugar, 37 
Invertase, 160, 165 l 
Ion exchange, 729 
Ionic strength, 747 _ 
and mass transfer, 499 
Ionosinic acid, 823 
Isoelectric points, table, 746 
Isolation, product, 727 
Itaconic acid, 835 
Jackson (see F einberg-Horn-Jackson 
network treatment) 


reaction 


Kalman filter, 696-697, 715 


Kinetics: 
batch, 394-445 . 
for CSTR design, 646 
of balanced growth, 382-394 
biological time lag in, 719 
of biotransformation, 453 
of cell cultures, 373-455 
of cell death, 441-445 
of diauxic growth, 420-421 
enzyme (see Enzyme) 
fermentation (see F ermentations) 
models (for cells): 
activated sludge, 929-933 
anaerobic digestion, 946-950 
Contois, 391 
double substrate, 646 
of filamentous growth, 406 
of growth (see Growth-rate equations) 
hydrocarbon emulsion substrate, 607-608 
with maintenance, 388-390 
of mixed cultures, 854-902 
(See also Mixed cultures) 
Monod, 383-386, 877 
Moser, 391 
PH influence, 393 
of product inhibition, 392, 947 
segregated, 376, 438-440 
of spore inactivation, 441-443 
Statistical confidence, 377 
Structured, 376, 408-421 
activated-sludge, 932-937 
alkaloid production, 426-429 
compartmental, 409-412 . 
cephalosporin C production, 434-436 
cybernetic, 418-421 
metabolic, 413-418 
of substrate inhibition, 392 
effect of temperature, 392-394, 447 
Tessier, 391 ` 
of transient lag, 719 
effect of toxin, 398, 947 
unsegregated, 376 
unstructured, 376, 403-405 
Krebs cycle (see TCA cycle) 
Klebsiella oxylaca, 420-421 


Labor costs, 805-806, 812 

Lactase, 37, 164 

Lactic acid, 905 

Lactic acid bacteria, 276 

Lactobacillus, 855, 905-906, 912 

Lactose, 37 

Lac operon, 320 
promoter-operator control, 431-432 

Lag phase (see Growth phases) 
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Laplace transform, 718 
Lehninger, A. L., 234 
Leslie, 898 
Light reactions, 258 - 
Lignin, 42 l 
Lignoce!lulose, 40 
Limit cycle, 878 
Lineweaver-Burke plot, 106 
in predation, 877- -` 
Linkage class, 886 
Lipases, 175 
‘Lipid(s), 29-34 
(See also Fats) 
Lithotrophs, 231 
Logistic equation, 404 
Lotka-Volterra equations, 872-876, 886 
Luedeking-Piret equation, 423, 453 
Luminescence, 680 . . 
Lyophilization, 623 
L-Lysine, 839, 841-843, 905 
Lysogeny, 329 | 
Lysozyme, 93, 177 
Lytic cycle, 329 


MAb (see Monoclonal antibody) 
Macromolecule (see. Polymer) 
Maintenance: 

kinetics in continuous culture, 388-390, 453 


oxygen (respiration) measurement of, 389-390 


washout, influence on, 389 ~ 
Mield coefficient, influence on, 285 
Maltase (a-glucosidase), 162- 
Malthus, T., 403 
a-Maltose, 36 


Mass action kinetics: in mixed populations, 885 


Mass transfer coefficient: se~ 
gas-liquid, 457-512 
- bubble swarms, 475 
bubbles, 473-494 
in forced convection, 484-494 
freely rising, falling bodies, 473-484 
gas side, 483 , 
in immobilized enzyme kinetics, 204-208, 
218-220 
ionic strength, influence of, 499 
liquid-liquid, 475 
liquid side, 463 
overall, k,a estimates, 488-490 
airlift, 490 
bubble column, 489 
electrochemical determination, 664-666 
motionless mixer, 489 
stirred tank, 489 
surfactant influence, 500 
temperature influence, 524 ~ 
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Mass transfer rates: 
of carbon dioxide, 465-467 
criteria for magnitude in immobilized en- 
zymes, 213 
determination of: 
via sulfite reactions, 470-473 
via gas analyses, 472 
external, 204-208, 218-220 
free surfaces, 495-498 l 
gas-liquid, 457-500 
influence of biomass concentration, 506 
liquid-liquid, 458 
in non-Newtonian fluids, 507 
and oxygen utilization, 464, 511-512 
Materials, bioprocess: 
balance sheet, 809 
costs, 806 . 
Maximum population (see Growth phases, Sta-. 
tionary) © 
Maximum principle, 709, 715 
Media, culture: 
complex, 383-384 
formulation, stoichiometry and, 281, 620-622 
precursors, 622 © i 
synthetic, 383-384 
Membrane (see Plasma membrane; Product Te- 
covery) 
Mean residence time, 929 
Mesophiles, 392 
Messenger RNA, 51, 308 
Metabolic engineering, 354 
Metabolism, 228-306 ~ 
anaerobic, products of, 272-275 
endogenous, 388 
heat generation during, 292-297 
organization and regulation, 269-273 
partial oxidation, 275- 277 
Metabolites, 228 oe 
Metalloenzyme, 147 
Methane: 
from anaerobic digestion, 945 
process economics, 847-849 
utilization for SCP, 907 
Methanobacillus omelionskii, 855-897 
Methylomonas clara, 737 E 
Methylophilas methylotrophus, 846 
Micelle, 30 
Michaelis-Menten equation (see Enzyme, kinet- 
ics) 
Michel-Miller correlation, 505 
Microbiology, 3 
Microbiologists, 24- 
Micrococcus glutamicus, 653 
Micreencapsulation, 181, 186-187 
Microfilters, 729 
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Micromixing, 558 
Microorganisms, 1 
constituents, 28, 78 
Milk, souring, 912 
Mineralization, 913 
Mitochondria, 7 
Mitosis, 363 
Mixed culture: 
analysis, 854-902 
amensalism, 856, 859-860, 862 
classifications, 860-863 
commensalism, 856-859, 862 
competition, 864-871 
chemostat models, 867-871 
in recombinant culture, 870-871 
Volterra model of, 865-867 
linearized models, 860-863 
mass action models, 885-888 
mutualism, 855, 862 
neutralism, 855, 862 
predation and parasitism, 871-883, 960 
Lotka-Volterra equations, 872-876 _ 
with control measure, 875 
multispecies, 876 
Monod functions in, 876-883 
spatial patterns, 892-896 . 
species number, effect of, 883-888 
stability, 888-892 _ 
applications, 903-963 
biological waste treatment, 919-957 
activated sludgegprocess, 926-938 
design, modelling, 929-938 
aerobic digestion, 938 
anaerobic denitrification, 957 
anaerobic digestion, 943-956 
control of, 956 
dynamic model, 946-954 
simulations, 954-956 
nitrification, 938-940 
phosphate removal, 957 
secondary treatment, 940-943 
- trickling filter, 940-943 
natural cycles, 913-919 
elemental, 914-916 
soil interrelationships, 916-919 
spoilage, 911-913 
spontaneous cultures, 911-913 
well defined cultures, 904-910 
Mixed-liquor volatile suspended solids 
(MLVSS), 932 
Mixing, nonuniform: 
bioreaction interactions, 573 
complete segregation, 558 
mixing times, table, 575 


Modulators, 120-129 
Molds, 12, 18-21 
for cheeses, 906 
Penicillium, 19-20, 705-710 
Molecular genetics, 307-327 
Molecular weights, from transport coefficients, 4/ 
80 
Monascus sp.: a-galactosidase production and 
model, 578-586 
Monoclonal antibodies (MAbs) (see Anti- 
bodies) 
Monod equation, 383-386, 877, 929 
Monosaccharides, 34-36 
Moo-Young, M. , 475 
Morphology, cellular, 12 
antibiotic production, 433-438 
in citric acid production, 576-577 
influence on fluid rheology, 503 
Motility, protozoan, 25 
Motionless mixer, 490 
mRNA (see RNA, mesenger) 
Mutagens, 324 


Mutants: : 
constitutive, 340 { 
detection and selection, 325 € 
Penicillium, 20 ; 


Mutation, 322-327, 364-366, 368 i 
back, 623 fy 
by chemical mutagens, 324 
by radiation, 324 
spontaneous, 324 
target theory of, 367-368 

Mutualism, 855-857, 862-863, 896-897 

Mycelium, 18-19 a 
structure, 407-408 4 


NAD, 237-239 

regeneration, 302 
NAD* (see NAD) 
NADH (see NADH,) 
NADH), 233 

(See also NAD) 
NADP, 233 
NADPH, (see NADP) 
Natural selection, 369 
Natural cycles, 913 
Nectria cinnebarina, 893 
Neutralism, 854, 862 
Newtonian fluid, 501 
Niche, 898 
Nicotinamide adenine dinucleotide (see NAD) 
Nitrification, 915, 938-940, 961 
Nitrobacter, 915, 938- 940 
Nitrogen cycle, 915 
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Nitrosomas, 915, 938-940 
NMR, 681 
Node, 863 
Nongrowth associated opoducts 423, 453, 653 
Nonideal reactors (see Reactors) 
Non-Newtonian fluids, 501-508 
heat transfer in, 520-522 
mass transfer in, 507 
power consumption in, 505- 506 
NTU, 762 
Nuclear zone, 5 
Nucleation, 751 
Nucleoside, 44 
process economics, 822-826 
Nucleotides, 44, 823-824 
biosynthesis, 258 
Nucleus, 6 
Nusselt number, 518-522 


Occupational Safety and Health Administration, 
801 
O'Connor-Dobbins equation, 497 
Oldshue scale-up criteria, 508-511 
Operating diagram, 880 
Operator, 319, 369 _ 
Operon, 309, 320 
Organelle, 7, 76-78 
Organic acids, economics of, 835- 843 
Organotrophs, 231 
OSHA (see Occupational Safety and Health 
Administration) 
Oscillations: 
autonomous, 937 
forced, 936-937 
hard, 878 
limit cycles, 878 
in predation, 872-876, 882 
of pyruvate, 549 
soft, 878 
in waste treatment, 936, 962 
Ostwald-de Waele equation, 501 
Oxidative ponds, 943 
Oxidative phosphorylation, 248 
Oxygen: critical values for microbes, table, 
468 
demand 
specific, 468 
total, 468 
electrode, 661-664 
peak consumption rate, 460, 469 
pressure, effect on metabolism, 525 
solubility, table, 463 
transfer (see Mass transfer) 
utilization rates. 467-469 
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Oxygenate process economics, 827-839 


Parameter estimation, 695-698 
Parasitism, 871-883 
Particulate removal, 727-738 
. centrifugation, 733-734 
emerging techniques, 736-737 
filtration, 730-733 
sedimentation, 734-736 
Particle size and separation technique, 
729 ar 
Pathogens, 923 
Peat, 915 
Peclet number, 474 
axial, 570 
correlations, figure, 571 
in thermal sterilization, 593 
Pectin, 176 
Penicillin 
broths, rheology of, 503 
deacylation, 652 
precipitation, 745 
production, 649-650 - - 
process, 784 l 
programmed, 705-710 ` 
solvent extraction of, 139° 
structures, 821 © * 
yield vs. power input, 510°: 
Penicillinase,. 178 s 


Penicillium molds, 19-20, 105+ 710° 


mass transfer of, 468 
P. chrysogenum: 

immobilized, 525 

gas RTD in broths, 562-563 
Pentose phosphate cycle, 241-243" 
Pepsin, 107 
Peptides, 57 
Phage(s), 51, 327-330 © 

lytic, 329 

in parasitism, 872 

temperate, 329 

transduction by, 329 
Phase plane, 863-874 
PHB (see Poly-B- hydroxy Quine: 

acid) ` 

Phenotype, 317 
Phosphate removal, 957 
Phosphoglycerides, 31 
Phosphorylation, 

oxidative, 248 

substrate-level, 241 
Photoautotroph, 233 
Photoheterotroph, 233 
Photophosphorylation, 252-253 - 
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Photosynthesis, 6, 251-253, 918-919 
stoichiometry of, 297-299 
(See also Calvin cycle) 
Phototrophs, 7, 231 
Phytoplankton, 914 
Pickles, 912 
pK values: amino acid functionalities, 58 
Plant design, Stages in, 799-80] 
Plant cell culture, 641-643 
doubling times, 642 
shikonin production, 643 
Plasma membrane, 5, 6, 31-32 
permeability, algal, 265 
structure, 31, 268 
transport across, 262-269 
‘active, 265-269 
facilitated, 263-265 
Passive, 263-265 
vs. lipid bilayers, properties, 32, 82 
Plasmid, 51, 331 
amplification, 346 
analysis of, 680 


Power consumption: 


non-Newtonian fluids: 
aerated, 505 
nonaerated, 505, 528 

scale-up, 508-511 


Power law, 501 


in biopolymer solutions, 504, 528 


Power per unit volume, 479 


and mass transfer, 486-490 
and rms velocity, 479 
and scale-up, 508-511 


Power number, 505 


correlations, figure, 506 


Prandtl number, 518-52] 
Precipitation, 745 


fractional, 747 
kinetics, 749-753 
perikinetic, 750 
orthokinetic, 751 
with salts, 744 
shear influence, 752 
with solvents, 745 


Precursors (see Media, culture) 
Predation, 871-883, 898, 934-937 _ 


map, pBR322, 346 
nomenclature, 342 


recognition sites and cleavage points, table, Prey, 871. 
343 Primary isolation, 727 
Segregation, determination of, 682 Primary treatment, 922 
in mixed cultures, 870-871 Procaryotes, 3-6 
Plug flow tubular reactor (PFTR) (see Reactors, structure of, 3-6 
tubular) Process flow diagrams, 802, 807 
P/O ratio, 250 5 production 


Podbielniak centrifugal extractor, 739 
Poincaré and Bendixson, 882 
Polyethylene glycol, 741 
centrifugal recovery, 743. dust-free enzyme,.780 
Poly-B-hydroxybutyric acid (PHB), 34 ethanol via immobilized yeast, 603 
Polymers, 27 *example, 807 
informational (nonrepetitive), 42-70 general, 802 
recovery, 745-746 glucose isomerase, 190 
repetitive, 29-42 penicillin, 784 A 
solutions, rheology of, 504 shikonin (from plants), 643 
Polypeptides, 55-60 single-cell protein, 846 \ 
Population(s), growth, 373 wastewater treatment (gerieral), 
interacting (see Mixed cultures) 920-921 
maximum, 400 — l winemaking, 832 
Power consumption: . recovery 
aerated vessels, 494 _ amino acid, DL resolution, 196 
for compressed gas sparging, 491 antibiotic, 728 
hydrocarbon fermentation, 607-609 commercial enzymes, 777 
for liquid injector-mixing, 494 citric acid, 785 
measurement devices, 659-660 dextran, 783 
Hall effect wattmeter, 659 ethanol, 786 
torsion dynamometer, 659 extracellular protease, 779 
Strain gauges, 659 human growth hormone via E. coli, 781 
nonaerated vessels, 491-493 human insulin via E. coli, 781 


activated sludge process, 926, 928 
controlled anaerobic digester, 954 
corn stover pretreatment, 833 
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Process flow diagrams: recovery: 


human leukocyte interferon via E. coli, 781 


plant enzyme, 778 
Product formation kinetics: 
biopolysaccharides, model for, 424- 425 
type I fermentation, 387 
product inhibition, 392, 452 
kinetic classifications 
simple vs. complex, 422-423 
Deindoerfer’s, 426 | 
growth-associated, 421 
nongrowth associated, 421 
Leudeking-Piret form, 423 
for filamentous organisms, 432-438 
morphological structure, 434-438 
maximum CSTR productivity, 452 
programmed production, 704-710 
unstructured models for, 421-426, 448 
segregated model for, 438- mo 
Shu’s, 440 
structured models for, 426-438 
chemical, 426-429 
genetic, 429-432 
Product formation stoichiometry, 289-292 
Product recovery, 726-797 l 
chromatography, 753-764, 793-794 
affinity, 758-764, 794-795 
immunosorbent, 760-764, 793-794 
ion exchange, 755 
molecular sieve (gel), 756-759 
combined operations, 770-775 
immobilized cells, 770 
water recycle, 774-775 
whole broth processing, 772-775, 793-794 
costs, and initial concentration, 789 _ 
economics, ml -815 
electrophoresis. 770-771 
integrated processes, 775-788 
antibiotics, 782-784 
biopolysaccharides, 782-783 
for enzymes, 776-780 
ethanol, 786-787 
guidelines for, 776 
organic acids, 785 l 
for rDNA foreign proteins, 778, 781-782 
single-cell protein, 786-788 
processing profile, 727 - 
membrane processes, 764-770 
reverse osmosis, 764-766 
ultrafiltration, 767-769 
particulate and cell removal, 728-736 
centrifugation, 733-734, 790 
emerging technologies, 736-738 - 
filtration, 730-733, 790-791 - 
sedimentation, 734-736, 789 ~ 
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Produce recovery: 
precipitation, 745-753, 794 
primary isolation, 738-745 
extraction, 738-741 
aqueous two-phase, 741 
reactive, 791-792 
solvent, 738-741 
sorption, 741-745 
- Product yield (see Yield coefficient) 
Production costs, 804 
Progesterone, 824-825 
Propionibacterium, 822-823 
P. freudenreichii, 822-823 
P. shermanii, 822-823, 860, 906 
Promoter, 308 _ 
Prosthetic group, 59- 
Proteases, 172-176 
applications, 173-174 | 
autocatalytic activation, "172-173 
isolation processes, 778- 780 
Proteins, 53-70 
automated analysis, 57 
conjugated, 59. l 
content of cells, analysis, 666- 667 
engineering, 350 ° 
fibrous, 54 
functions, 55 
fusion, 353 
globular, 54. 
vs. peptides, 57 
Saban cape modific i 
sequencing, 84 
solubility, 747 ` 
spoilage, 911 
structure, primary, € “61 63 
secondary, 63-64 | 
tertiary, 64-68 
quaternary, 68-70 ` 
synthesis, 308-317 
induction and repression ‘of, 317-32 
(See also Enzyme) 
Proteolysis, 911 
Protists, 12-21 
classification of, table, 12 


| Protoplasts, 332 


Protozoa, 12, 21, 857, 871 
Pseudomonas, 15 

in mixed methane culture, 907-910 
P. denitrificans, 823 
Pseudolastic fluid, 501-502 
Psychrophiles, 392 
Pullulanase, 164 
Purification, 727 
Putzefaction, 911 
Pyrogen, 631, 817 
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l Quasi-steady-state approximation, 95, Reactors: 
102-103 multiphase, 606-619 
i : bubble column, 610-614 
V R factor, 331 comparisons, 619 l 
Radiation, 324 . fluidized bed, 614-617, 647 
Raleigh number, 474 heterogeneous substrates, 607-608 
Reaction limited regime, 205 hollow fibers, 653 
Reactors, 533-657, 929-938 packed bed, 609-610 
activated sludge, 929-938 l trickle, 617-619 
aerated (schematic), 624 À , operating regimes, 618 
airlift, 612-614 nonideal, 551-578 
anaerobic digester, 945-956 . mixing times in, 551-573 
batch: residence time distributions, 553-560 
ideal, 378-379 , oscillations (see Oscillations) 
hydrocarbon fermentation, 607-608 packed bed, 609-610 
biological film (see trickle filter) Plug flow tubular `; 
bubble column, 610-614 with dispersion,/569-572 
chemostat, 380-386, 548-549 ideal, 541-5. 
combined models, 562-568... various enzyme kinetics, table, 544 
configurations: residence time distribution, 553-560 
compressed gas driven, 629-630 viscous fermentations, 562-563 
externally pumped, 628 continuous sterilizers, 593-594 
mechanically driven, 626-627 Stability, 547-551 i 
continuous-flow Stirred-tank: stagnant region, 560-562 
activated sludge, 929-93] l sterilizers, 586-594 
anaerobic digestor, 946-956 tanks-in-series, 564-568 
enzyme catalysts in, 537-539 ` time scales, characteristic, 534 
for various kinetics, table, 539 tower, 614-616 
ideal, 380-382 ° tubular (see Plug flow) 
with balanced growth, 382-394 trickle filter, 617-619, 940-943 
_ With Monod kineticS, 383-390, 449 Reaction, 928 
endogenous and Maintenance metabo- Recombinant DNA, 340-357, 816-818 
lism, 388-390, 929-930 enzymes useful in, 344 
with inhibition, 449 Process economics, 816-818 
with recyele, 539-540 Product recovery, 778-781 
with wall growth, 540-541 production achievements needed, table, 356 
and washout, 386 timing of product development, 818 
and process control, 698-725 Regulation: 
dynamic behavior, 544-551 of bioproducts, 801-802 
linearized, 546 g of EMP pathology, 271-272 
stability, 547-551 Reisman, 804-814 
endogenous metabolism, effect of, 388-390, Rennet, 174, 905 
929-930 Repression, 317 
enzyme, 537-539, 541-544 and maintenance, 388-390 
fed-batch, 536-537, 645-646- Repressor, 319-320 l 
fluidized, 614-617, 647 in a-galactosidase Production/model, 578-585 
for B-galactosidase, comparison, 706 in medium formulation, 335 
ideal, 533-544 kinetic model, 366 
immobilized cell, 595-606 Paaran time distributions (see Reactors) 
catalyst preparation, 598-600 Resistance factor (see R factor) 
applications, 601-606 Respiration, 245-250 
instrumented, 658-725 and maintenance, 388-390 
length scales, characteristic, 534 reductants and oxidants in, table, 245 


maintenance, effect of, 450 Respiratory chain, 246-250 


Respiratory quotient, 286 
Restriction map, 347, 370 
Return on investment, 812-814 
sensitivity, 812-814 
Reverse osmosis, 764-766 
Reverse transcriptase, 344 
Reynolds number: 
falling film, 496 
impeller variables, 485 
in heat transfer, 518-522 
liquid phase; 474, 485 
non-Newtonian fluids, 505 
orifice, 477 
turbulent, 508 
Rheology of microbial broths, 501-504 
. Rhizobium, 15, 857 
Rhodospirillum, 15 
Ribonucleic acid (see rRNA) 
D-Ribose, 35, 36. 
Ribosome, 6-7, 52 . 
binding site on mRNA, 311 
prosthetic portion, 59 
Ribosomal RNA (see RNA, ribosomal) 
Ribulose 1, 5-diphosphate, 260 
RNA, 46-53 
content of cells, measurement, 677 
messenger (mRNA), 51, 312 
in product formation kinetics, 429 
mononucleotides, structure, 43 
properties of E. coli, 53 
ribosomal (rRNA)52; 313 
splicing, 315 
transfer (tRNA), 53, 312 
RNA polymerase, 320 
RQ (see Respiratory quotient) 
rRNA (see RNA ribosomal), 52 
Rumen, 903-904 


Saccharomyces carlsbergensis, immobilized, 602 


Saccharomyces cerévisiae 
in ‘brewing, 830 
cell cycle, 363 
computer control of, 702-703 


flow cytometry and synchronous culture, 


358-359, 683-684 
metabolic model for aerobic growth, 
413-415 
single cell protein, 846-847 
State estimation, 696 
Saddle point, 863 
_ Salting-out, 747 
Sauerkraut, 912 
Sausage, 912 
Scale-down, 564 
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Scale-up, 508-512 - 
Schleiden and Schwann, 3 
Schmidt number, 473 
Secondary metabolites, 277, 279, 289 
metabolic routes, 279 
Secondary treatment, 922, 940-943 
Sedimentation of cells, 729 
in centrifugation, 9-11, 25 
in staged tower, 566 
in waste treatment, 920, 926, 928-930 
Sedimentation tank, 920-926 
Selection 
methods, 325 
in mixed culture, 867-871 
in recombinant cultures, 870-871 
Sensors, 659-683 
of chemical medium, 661-662 
dissolved CO;, 666-667. 
dissolved oxygen, 661-664. . 
galvanic, 661-664 
polarographic, 661-664 
for k,a determination, 664-666 
enzyme thermistors, 666-667 
immobilized cells; 667-668 
pH electrode, 661-662 
redox potential, 661. 
gas analysis, 669-670 
gas chromatograph, 669... . 
mass spectrometry, 669-670 — 
paramagnetic analyzer, 669- 
physical environment, 659-661 . 
strain gauges, 659 
thermistor, 659 
torsion dynamometer, 659 
wattmeter, Hall effect, 659 - 
for cell properties, 670-674  . 
optical methods, 670 
in situ fluorometry, 671-673 
Separation techniques, 690-789 
(See also Product recovery) 
Serum, 631 2 
Settling, of cells, 730, 789 | 
of flocs, 930 
velocity, 735, 737 ier eee 
Settler concentration factor, 935 Lf: 
Sewage, 923 
(See also Wastewater) 
Sherwood number, 473 
bubbles and particles, 473 
falling film, 496 
free stream, 496 
Shigella flexneri, 860 
Shu’s product model, 440 
Shuler, M. L., 416 
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Single cell protein (SCP), 644 
from methanol, 846 
process characteristics, 844 . ` 
process economics, 839-847 
raw materials for, 845 ~ 
vs. competing protein, 847 
Slant culture, 623 
Slime mold, 899 
Sludge, 923 
age, 929 
digested, 947 
Soap, 30-31 
Soil microbiology, 916- 917 
Solids concentration, 920 
Solids dewatering, 920 
(See also Product recovery) 
Solids retention time, 930 
Solubility, oxygen, 463 
Solvent extraction, 729 
Solvent production, 839 
Sorption, 741, 743 
“Sour” anaerobic digester, 946 
Spatial patterns, 892- 896 
Species, 12 
Spectrophotometry, 19- 80 
Spirulina, 839 
Spoilage, 911-913 
Spores, deactivation of, 439-442 
Stability, 547, 879-883 
qualitative, 888-890 =: 
Stabilization lagoons, 943 
Standard free energy, 233-237 
in active transport, 266 
of ATP hydrolysis, 235 
of EMP metabolism steps, 235-245 
from half-cell potentials, 300 
of mixed substrate combustion, 294-295 
of passive and facilitated transport, 
263-265 
Stanton number, 528 
Staphylococcus aureas, 444 
in mixed culture, 864-865 
Starch, structures, 37 
hydrolysis, 163-164 
State estimation, 695-698 
Stationary phase (see Growth phase) 
Statistical mechanics, 898-899 
Step feed changes, 952-953 
Step-feed processes, 928 
Sterilization, filtration, 522-523 
thermal, 16, 586-595 
batch, 587-592 
temperature schedules, 587-588 
constant boundary value, 589-591 


Sterilization, filtration: thermal: batch: 
_ high temperature-short time, 591 
continuous, 592-595, 645 
ultraviolet, 963 
Steroids, 32-34 
process economics, 822-826 
transformation, 302 
Stimulus response, 554 
Stock culture, 622 
Stoichiometrically limiting compound, 281 
Stoichiometry: 
of aerobic chemoautotroph, 287 
of anaerobic denitrification, 957 
of anaerobic digestion, 947 
of anaerobic methane formation, 947 
and cell composition, 282 
of cell growth, 81-82, 277-289 
of nitrification, 940 
of oxygen consumption, 469 
of photosynthesis, 297-299 | 
of product formation, 289-292 
Vyield factors, 280-285 
Streeter-Phelps equation, 527 
Strength, sewage, 925 
Streptococcus, 855 
for lactic acid, 906, 912 l 
Streptomyces aureafaciens, 340. 
S. griseus, 277 
broths, filtration of, 731-732 
Theology of, 502-503 
S. rimosus: oxytetracycline production by, 433 
Streptomycin, recovery of, 745 
Substrate, 92 
Substrate analogs, 122, 335 
Substrate level phosphorylation, 241 
Sucrose, 36 
Sugars, 34-38 
Sulfite oxidation, 470-473 
Sulfur cycle, 916 
Sumner, J. B., 86 
Supramolecular assemblies, 76-77 
Surface active agents, 500 
Surface area correlations, 476- 484, 607-608 
Surface tension: ' 
influence on interfacial area, 478 
infiuence on mass transfer, 500 
Suspensions, 502-504 
Symbiosis, 855, 857 
Synchronous culture, 358 
Syntrophism, 917 


Tanks-in-series, 564-568 
Taxonomy, 127 
TCA cycle, 246 


Temperature classification of microbes, 392. 


Terminal transferase, 344 . 
Termination, 309 
Tertiary treatment, 922 
Tetrahymena pyrifornis, 873, 881, 883 
Thermal inactivation. 448-449, 586- 595 
Thermodynamics, in metabolism, 233- 234 
Thermophile, 392 
Thermophilic, 392 
Thiele modulus, 212, 449 
Thymine, 43-44 
Tissue culture, 22 
, (See also Animal and Plant culture) 
Titer, viral, 441 
Torula utilis: in mixed culture, 868-869 
Towers, fermentation, 614-616 
Trajectory, 863 
Transcription, 308 
Transduction, 329 
Transfer RNA, 53, 308 
Transformation, 330-331 
Translation, 308 
Transport phenomena, 457-532 
Tricarboxylic acid cycle (see TCA cycle) 
Trickling filter, 940-943 . 
Trichoderma fungi, 165 
T. viride, 165 
tRNA (see RNA transfer) 
Trophic level, 883 
Trypsin, 107 
Tsuchiya, H. M., 877-882 
Turbulence, and mass transfer, 486-487 
statistical theory of, 479 
Turbidity, 660 
Turnover number, 90-91 
table of, 91 


Ultracentrifugation, 680, 729 
Ultrafiltration, 729, 767-769 
Ultraviolet sterilization, 963 
Unstructured model, 376, 403-405 
Uracil, 43-44 

Urease, 107 

USDA (see Agriculture, U.S. a of) 
Utility costs, 805, 807, 811 


Vaccine, 630 
Vector, 340-341, 
cosmids, 346 - 
origin of replic 
selection marker 
shuttle, 355 
Verlhurst-Pearl me 
Viability, 439-445. 
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Vinegar, 275 
Virus, 51, 327-330 
characteristics, table, 328 
titer, 441 
(See also Phage) 
Viscosity, effective, 502 
Vitamin, fat soluble, 32 
Vitamins, process economics, 822-826 _ 
Vitamin A, 32 
Vitamin B,, 822 
Vitamin B,,, 822 
Vitamin C, 32 
Vitamin D, 32 
Vitamin E, 32 
Vitamin K, 32 
Vitamins, essential, 32 
Volterra, 865 
(See also Lotka- Volterra. equations) 


Wall growth, 540-541 

Washout, 386, 880 

Waste stabilization lagoons, 920, 943 

Wastewater: characteristics, 923-926 

treatment,-919-957 

activated sludge, 926-938 
aerobic pipeline reactor, 961 
anaerobic digestion, 923 
oxidation ponds, 943 | 
primary, 922 o 
secondary, 922, 940-943 
stabilization lagoons, 943 
tertiary, 922 : 
trickle filter, 940-943 
unit operations, 919-921 

Weak reversibility, 886 l 

Weber number, 478, 488 

Whey fermentation, 649, 905 

Whole broth processing, 741, 112- -174 

Wilke-Chang correlation, 498” 


Williams structured growth model, 410-411 


Winemaking, 830-832 | 
Wood rot, 911 


Xanthylic acid, 823 


984 INDEX: 


A Yield coefficient: 2 med 
carbohydrate fermentations, 284, 294. 
for biomass, definition, 283, 385- 
via electron equivalents, 304 - 
in heat generation, 292-297. 

estimation from substrate yield, 292- 293 
correlation vs. oxygen consumption, 
293 
hydrocarbon fermentations, 284, 294 
oxygen consumption, table, 284 
product, 296-297, 387 l 
substrate consumption, 292-294 


*ield ‘coefficient: su e 
ṣ: variation: with dilution/growth: rate, 389, 450. 
with carbon source, table, 294 | 
with endogenous. metabolism; 389, 450 


VYield factor (see Yield coefficient)” 


Yield stress, 502 ` 


Zero deficiency theorem, 887 
' Zoogloea ramigera,926 ` ef 
‘ Zooplankton, 919 - l 
Zwitterion, 56 oe a fag 
Zymomonas, 15. . res 


